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PREFACE TO FOURTH EDITION 



Since bringing out the last edition of this text, the engineer- 
ing courses at Columbia have been put on a graduate basis; 
the amount of electrical work-in the courses for non-electrical 
students has been materially increased, making it possible to 
carry out the laboratory work along broader lines than was 
formerly done. We have added certain experiments on batteries, 
illumination, measurement of electrical energy, etc., with the 
idea that the non-electrical engineer frequently has to pass 
judgment on these phases of electrical installations and should 
therefore have a passing knowledge of such features of electrical 
engineering. 

We are glad to acknowledge indebtedness to our colleagues 
Prof. M. Arendt and Mr. W. A. Curry, who have given ma- 
terial assistance in the preparation of this edition. 

J. H. M. 
August I, 1921. F. W. H. 
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PREFACE TO FIRST EDITION 



In presenting these brief notes the authors feel that an 
explanation of their object is necessary. At Columbia University 
practically all of the engineering students are required to take 
courses in the electrical laboratories, testing both direct-cur- 
rent and alternating-current machinery. Students in Mining, 
Mechanical, Metallurgical, Chemical, Civil Engineering, etc., 
do not have those courses in the theory of electrical machinery, 
which are really necessary for a proper comprehension of the 
machines with which they work in the laboratory; it is unrea- 
sonable to expect them to consult various text-books to prepare 
themselves on the theory involved in the tests, and it is with 
the intention of filling the needs of these men that the notes 
have been compiled. 

Before giving specific directions regarding the test to. be 
performed, a brief analysis of the characteristics of the machine 
is attempted; in so far as is possible in such a limited space the 
reasons for the behavior of the machine are given. It is, of 
course, realized that a complete analysis of the different types 
of machines is impossible and it is questionable whether a com- 
plete analysis would serve the purpose. It has been the inten- 
tion of the writers to present the subject-matter in such a manner 
that the student not well versed in electrical theory can get 
the most out of it in the short time allotted to the electrical 
courses. 

In some of the tests, methods are described which may not 
be strictly according to the standard practice; if a gain in sim- 
plicity and ease of performance is to be obtained by a sacrifice 
in accuracy of the test of a few tenths of a per cent, it is thought 
justifiable to use the simpler method of testing. 

v 



vi PREFACE 

While the notes are being put into printed form specifically 
for our use, they may possibly be found of use in other schools 
where the conditions are similar to those at Columbia. 

The authors wish to express their indebtedness to Professor 
Geo. F. Sever, who first developed the electrical laboratory work 
for the non-electrical students at Columbia, and whose original 
schedule of experiments served as a guide in arranging this 
work; also to Mr. F. L. Mason, who has rendered valuable 
assistance in the preparation of the book. 

J. H. M. 
F. W. H. 

Columbia University, 
September, 1911. 



PREFACE TO THIRD EDITION 



In bringing out the third edition of this manual we have 
thought it well to expand some of the experiments and to add 
one on the location of faults in direct-current generators and 
motors. We have also added many questions which, it is ex- 
pected, the student will answer in writing his report. The ques- 
tions have been so selected as to show the main ideas which 
should have been gained from the work in the laboratory. 

J. H. M. 
F. W. H. 

February i, 1915. • 
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DIRECT CURRENT TESTS 



EXPERIMENT I 

" Fall of Potential " along a Conductor Carrying Current. 
(a) If an electromotive force is impressed upon a circuit, as for 
instance a wire, a current of electricity will flow along it. The 
relation between the current, resistance and difference of potential 
between any two points on the conductor is given by Ohm's law, 
which expresses the equality of the impressed force and the reacting 
force. It is found that the reacting force varies directly with the 
current and this fact may be expressed by the equation, 

E^IR 
from which we obtain, 

I-E/R, (i) 

where 7=current flowing in amperes; 

£= difference of potential in volts, between the two points 

considered; 
i?= resistance of the conductor in ohms, between the two 
points considered. 
It is a fact that all conductors offer more or less resistance to 
. the flow of an electric current and experiment shows that for any 
particular conductor, the resistance varies directly as its length and 
inversely as its area of cross-section. This maybe expressed in 
the form of an equation as follows: * 

^=4 < 
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where i?= resistance of conductor in ohms; 
/=length of conductor in feet; 
a=area in circular mils; 

ir= resistance per mil foot of the material used; i.e., the 
resistance of a conductor one foot long and having a 
cross-sectional area of one circular mil. 

If the value of R as given in Eq, (2) is substituted in Eq. 
(i) we have 

E Ea 

^^-^^K-r (3) 

IC — 

a 

and 

E^IK- (4) 

This states that when the other factors remain constant, the 
" drop " in potential varies directly with the current and the 
length of the conductor and inversely with the area of cross- 
section. The drop also varies with the material. 

It is also evident if Eq. (i) .is written in the form 

„ E 

R-j, ........ (5) 

that the resistance of a conductor is readily determined if the 
current flowing through it and the drop in potential across it 
are known. 

The apparatus to be used in verifying the laws stated above 
should consist of a board, upon which are mounted and con- 
nected in series, equal lengths of wire (preferably 48 inches) 
of copper, aluminum, iron and German silver, all of equal cross- 
section. Connect the wire board as shown in Fig. i. Determine 
the safe current-carrying capacity of the German silver wire 
and be sure that the variable resistance, lamp board, and ammeter 
can safely carry this current. The voltmeter should have a 
y on one range of about 15 volts with another range 
an this. 
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With only one lamp in th^ lamp board and all the resistance 
in the variable rheostat cut out, close the switch and note if the 
anmieter deflects in the proper way. If not, open the switch 
and reverse the anmieter connections. Then cut in enough 
additional lamps in the board, so that the current will be slightly 
greater than ^ of the safe current value for the German silver 
wire. Insert enough resistance in the variable rheostat so that 
exactly | of the maximum permissible current is flowing. Using 
the highest range upon the voltmeter, place one lead to one end 
of the copper wire and tap the other voltmeter lead on the 6-inch 
mark upon the wire. If the throw of the needle is in the proper 
direction, the free lead may be fastened to the wire; if not, the 
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Variable Resistance 



leads are to be reversed at the wire. Never reverse or disconnect 
voltmeter leads at the meter, while the other ends of the leads are 
attached to live terminals; a short circuit is likely to result. 
Always reverse or disconnect the leads at the point where they are 
attached to the live terminals. Great precaution must also be 
taken with low-reading voltmeters, as they are easily burnt out. 
To determine an unknown low voltage, a range somewhat above 
the line voltage should first be tried and a reading taken; lower 
ranges can then be tried until the proper one has been determined. 
Having determined the proper range upon the voltmeter and 
adjusted the variable resistance so that the current flowing is 
exactly the desired value, read the voltmeter. Move the volt- 
meter leads to include 12 inches of wire and repeat. Continue this 
operation until the drop over the entire lengt'.i of c^ *-e 



TESTING OF ELECTRICAL MACHINERY 



J^~ 



rO-i 
O 



tis 



<^ 



U7y 



Fig. 2 



has been determined and then do the same with the remaining 
three wires. Raise the current to | and finally to the full 
value of the current-carrj^ing capacity of the system and measure 
the fall in potential along each wire. Record readings in neatly 
tabulated form and calculate the resistance of each wire for each 
value of current. Calculate how much power was used in each 
wire for each value of current. Determine the average value 
of the resistance per mil foot for each material and with the value 
obtained calculate the resistance of coo feet of No. lo B. & S. 
wire, obtaining the diameter of No. lo wire from a wire table. 
(b) Determine the hot and cold resistance, total watts and 

economy for a 50- and a 100- 
watt Gem or metallized fila- 
ment lamp, and for a 25-watt 
Mazda or tungsten lamp. 

The filament used in Gem 
lamps is of carbon which has 
imdergone various heat treat- 
ments, causing it to assume 
some of the properties of metals, the most important being a posi- 
tive resistance temperature coeSicient. Carbon has a negative 
coefficient, or, its resistance decreases with rise in temperature. 
In metallized filament lamps the hot resistance will be found 
somewhat greater than the cold resistance and the same applies, 
but to a more marked degree, in the case of tungsten. 

To determine the hot resistance of the lamps, connect 
them as in Fig. 2, to a source of E.M.F. of about 115 volts, in 
series with an ammeter of about 2 amperes range. No series 
resistance is required, as the lamps themselves are of high enough 
resistance to withstand the full line voltage. Using a voltmeter 
with a range of 150 volts, determine the voltage across the lamp 
burning. Remove the voltmeter and read the ammeter. Do 
not read the ammeter with the voltmeter connected across the 
lamp, as the current indicated by the ammeter will be the sum 
of the lamp and voltmeter currents and not the lamp current 
alone. Take a set of readings for each lamp and record them 
in a I02 as shown in Table I. 
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TABLE I 
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1 




Amperes. 


, Economy 
'■ or Watts 
Watts. . per 
1 Candle 
Power. 


Resistance. 


Type of Candle Vnlt^ 
Lamp. Power. ^°**'^ 

1 

1 1 


Hot by 

Drop in 

Potential 


Cold by 

Wheatstone 

Bridge. 


1 
1 






t 


1 ' 








i 

1 
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1 




■ 
1 





Determine the cold resistance of the lamps by means of a 
Wheatstone bridge. 

In calculating economy or watts per candle power, assimie that 
the lamp gives its rated candle power at the voltage used. Values 
of candle power of the lamps used will be furnished by instructors. 
The economy serves as a measure of the efficiency of a lamp, in 
that a lamp is usually rated as using so many watts per candle 
power; a lamp using t.2 watts per candle power is evidently 
more efficient as a light producer than one using 3 watts per 
candle power. 

Curves, (a) Plot the results obtained for each wire on one 
sheet of cross-section paper, plottiag voltmeter readings as ordinates 
and lengths as abscissae. 

Conclusions, How does drop in potential along a wire varj- ? 
Why are the curves straight lines? What might cause them 
to be slightly concave upward? Which metal is the better 
conductor and which best adapted for use as resistance wire 
in rheostats and why? Why did the wires expand during the 
experiment ? How do the values for resistance per mil foot and 
for the resistance for 1000 feet of No. 10 B. & S. wire compare 
with values obtained from wire tables?! How do you explain 
the difference in the hot and cold resistances of the lamps used ? 
How do the efficiencies of the different types of lamps compare? 
Explain briefly the principle and operation of the Wheatstone 
bridge. 



EXPERIMENT U 

Measurement of Armature Circuit and Shunt Field Resistances. 

(a) The resistance of an armature circuit is made up of the 
resistance of the conductors upon the armature, the brushes, 
the brush contacts, and the cables leading from the brushes to 
the machine terminals. In a well-designed motor or generator 
the armature circuit resistance is made as low as is consistent 
with the size of the machine, in order to cut down the amount 
of energy dissipated as heat. The rate of production of heat 
in the armature is given by the formula, watts =/2if. A motor 
or a generator is designed to carry a certain maximum value of 
armature current and this then fixes the value for /, so that to 
keep the amount of heat generated in the armature low, the 
resistance must be made as small as is commercially practical. 

The armature conductors being always of copper, their resist- 
ance will be independent of the current except for heating. The 
same applies to the machine leads, the resistance of which 
is very small. The brush contact resistance is the resistance of 
the surface contact between the carbon brushes and the com- 
mutator. This resistance is quite appreciable and decreases 
with increase of current strength; it decreases as the mechanical 
pressure between the brush and the commutator increases. The 
resistance of the brushes themselves is insignificant. 

Determine the full load armature current of the machine, whose 
armature circuit resistance is to be measured, from its name- 
plate data; connect the armature in series with an ammeter, lamp 
board and a variable resistance, all of suitable current carrying 
capacity, as shown in Fig. 3. Close the line switch and adjust 
rent to 4 of the full-load value. 

; first the highest range of the voltmeter, attach the leads 

6 
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to the two terminals of the machine (corresponding to position 
I in Fig. 3) and read the meter. If the reading is within the 
next lower range, detach the leads from the machine terminals 
and shift to the lower range. When a suitable range has been 
foimd upon the voltmeter, so that the deflection is a large one, 
read simultaneously ammeter and voltmeter and record the 
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readings in a log as in Table II. From the readings taken 
with the voltmeter leads attached as in position i, the resistance 
of the entire armature circuit can be calculated. Leave one 
of the voltmeter leads upon one of the machine terminals and 
starting from the one employed, trace the cable which leads to 
the machine. Find the brush to which this cable is attached 
and connect the other voltmeter lead to some convenient place 
upon it (position 2). After having adjusted the cur Us 
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proper value read the voltmeter. From this reading the resistance 
of one of the machine leads can be determined. Then shift 
the voltmeter leads successively to positions 3, 4, 5, and 6, reading 
the meters as before. These readings should be taken as rapidly 
as possible, so that the armature shall not heat up too much. 
Repeat this (^ei:ation, using 2/3 and full-load armature current, 
respectively. The sum of readings 2, 3, 4, 5, and 6 entered in 
column 7 of the log should equal the values in column i, the 
measured drop of the entire circuit. Calculate the values of 
resistance and tabulate in a form similar to Table II. 



TABLE II 



Vmperes. 


Volts. 


Difference 
between 
I and 7* 


I 


2 


3 i 4 


5 


6 


7 


Across 
entire 
Arma- 
ture. 
Circuit. 


Across 
ends of 

one 
Machine 

Lead. 


Across 

one 

Brush 

Contact 


1 
Across 
Arma- 
ture. 


Across 

second 

Brush 

Contact. 


Across 

ends of 

second 

Machine 

Lead. 


Sum of 
Drops 3. 

3. 4. 5 
and 6. 
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Caution, Great caution must be exercised in obtaining the 
voltage across the various parts. In order to obtain large readings 
upon the voltmeter it will be necessary to shift from one low 
reading range to another, so thai it must constantly be borne in 
mind that a voltmeter needle is easily bent or the instrument 
entirely burnt out, if a high potential is applied to a low range. 

To determine brush drop, connect one voltmeter lead to the 
place upon the brush or brush stud used in determining the drop 
across the machine leads and hold the other lead on the 
commutator bar directly under the brush; do not touch the 
terminals of the voltmeter leads against the brushes. When 

^rmining the drop across the armature winding hold the 
aeter leads to commutator segments which are under 
les of opposite polarity, again being careful not to touch 
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the terminal on the commutator, against the brush while reading 
the voltmeter. 

Do not permit the armature to rotate, as a counter electro- 
motive force is generated which decreases the current and causes 
an apparent increase in the resistance of the armature. 

Caution. When it becomes necessar}'to open the armature 
circuit be sure that the voltmeter leads have been entirely removed 
before the switch is opened. A large amount of magnetic energy 
is stored up in the armature while current is flowing and when 
the circuit is opened this energy must be dissipated. If a volt- 
meter is connected across the armature terminals a high protential 
will be applied to it, due to the self-induction of the armature. 
This is quite likely to bend the needle of the voltmeter and may 
even bum it out. Therefore never suddenly open a circuit con- 
taining much self-induction while a voltmeter is connected across 
any part of it. 

(6) The function of a shunt field is to provide a certain number 
of ampere-turns for the magnetic circuit and this can be 
accomplished either by using a small number of turns carrying a 
comparatively large current, or a large number of turns with a 
small current flowing through them. Generally a large number 
of turns is preferred, as this gives a high field resistance and 
a comparatively small consumption of energy in the field coils. 
A shimt field is always so built that it may be safely placed 
across a line of the same voltage for which the machine was 
designed. 

It must be remembered that a shunt field possesses consider- 
able self-induction, so that when a difference of potential is applied 
to it, the current does not immediately assume its final value, but 
builds up slowly. This is due to the counter-electromotive force 
of self-induction which is set up while the current is increasing. 
This "building up " of the current can be seen very nicely by 
watching the ammeter as the line switch is closed. 

Connect the shunt field whose resistance is to be measured, 
in series with an ammeter of proper capacity, to a source of E.M.F 
equal to that for which it was designed; the connections to be 
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^own in Fig. 4. Close the line switch and using a voltmeter 
of the proper range, determine the diflference of potential bet\veen 

the ends of the field. Remove the 
voltmeter and determine the current 
value. Then oj)en the circuit slowly, 
drawing out the arc; be sure the volt- 
a/ ^^ meter is disconnected. 

^:^^ .^jgQ determine the resistance of 

the field, using a Wheatstone bridge. 
Conclusions, Explain why arma- 
ture resistances are made low and 
shunt field resistances high. \ How 
do the resistances of the various parts 
of the armature circuit vary with 
current? Why is it imsatisfactory ;o 
determine the armature circuit resistance with the ordinary 
Wheatstone bridge. Why should an inductive circuit never be 
opened if a voltmeter is connected across any portion of it ? 




Fig. 4 



EXPERIMENT III 

The Shunt Generator, (a) Preliminary Work with a Genera- 
tor; (b) Magnetization Curve of a Shunt Generator; {c) External 
Characteristic of the Shunt Generator. 

(a) The student should first familiarize himself with the com- 
ponent parts of the machine assigned and look over their construc- 
tion and relation to one another, in order to get a general idea of 
the generator. The following table of data and dimensions is then 

to be completely filled out. 

General 

T)rpe of generator shunt Current ^ 

or compound K. W. Output 

Rated voltage Speed 

Armature 

Type ring or drum Active length 

Number of sections Circumference in feet 

Conductors per section Peripheral speed in ft. per min. 

Total number of conductors. . . 

Commutator 

Active length Average voltage between bars . 

Total length Width of bars 

Circumference in feet Width of insulation 

Peripheral speed in ft. per min. . Kind of brushes 

Total number of bars Brush area per set , . . . 

Niunberof bars between brushes Current density in brushes, in 

of opposite polarity amperes per sq. in 

Fields 

Number of main poles Pole width 

Number of commutating poles . . Pole length 

Pole arc in degrees Width of pole shoe 

II 
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/ 
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A shunt generator can readily be distinguished from a com- 
pound generator by examination of the field coils. A shunt field 
is wound of relatively small wire and there will be only two ter- 
minals on each field spool. A compound generator has a series 
winding of large wire or copper strip in addition to its shunt wind- 
ing, so that each field spool will have two large additional taps 
for the series field current. The remainder of the general data 
can be determined from the name plate. 

The type of armature can generally be determined by exam- 
ining the back connections. A ring winding is one in which the 
wire is wound around an annular ring, so that there are conduc- 
tors both on the outside and the inside of the ring. In a drum 
winding all of the conductors are upon the other periphery. An 
armature section can be defined as that part of the winding, which 
starts at one commutator bar and ends at another. The number 
of sections upon the armature can sometimes be determined from 
the back connections, the number of slots and the connections 
to the commutator. The number of sections will never be less 
than the number of commutator bars and will generally be some 
multiple or sub-multiple of the number of slots. If the manu- 
facturer's data is at hand the number of sections can be taken 
therefrom and then verified. The number of conductors per 
section will probably have to be taken from the manufacturer's 
winding data. The active length of the armature will be equal 
• to the width of the pole shoe (i.e., the length of the pole shoe 
parallel to the shaft) plus twice the length of the air gap. 

The active length of the commutator can be regarded as the 
distance occupied by the brushes plus the spaces between them, 
measured parallel to the shaft. A commutator is always made 
longer than this to permit clearance and end play. In deter- 
mining the current density of the brushes, remember that brush 
sets always operate in pairs. In a bi-polar generator each brush 
set carries the total current of the machine. The pole w dth is 
the distance parallel to the shaft. The pole length is measured 
out radially. 

Before a generator is to be operated, certain conditions should 
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be noted, particularly in a new machine or one which has not been 
run for some time. The things to be noted are as follows : 

(i) Amountof oilinthebearingsorcups. Withself-oilingbearings 
it is advisible to note whether the oil rings turn easily and dip into 
oil. This can be readily seen by turning the rings over by hand. 

(2) Condition of the brushes and commutator. The commu- 
tator should be clean and fairly bright. If it is not, it can be 
polished while revolving with fine sandpaper on a flat wooden 
block or a polishing stone. Do not use tmery. The brushes 
should make good contact over their whole bearing surface. 

(3) Brush Pressure. This should be from one and a half to 
two pounds per square inch of contact surface. 

(4) The armature should turn easily, either by hand in the 
case of a small machine or by means of a lever in a large one. 
If the armature turns hard, either the bearings are in bad con- 
dition or the alignment of the shaft in the bearings is not good. 

(b) A generator is a device which transforms mechanical 
energy into electrical energy. Its operation is based upon the 
fact that when a conductor is moved in a magnetic field so as to 
cut lines of force, an E.M.F. is induced in it. In a generator a 
number of copper wires or bars are mounted upon a cylindrical 
iron core, and this armature, when rotated in a magnetic field, 
generates a voltage. The armature inductors are properly 
interconnected, so as to add their individual E.M.Fs. and are 
also connected to the commutator which rectifies the alternating 
voltages induced in them. 

The fundamental equation of the generator can be wTitten as 
follows: 

where Eg is the voltage generated by the armature; 
= the flux per pole in lines of force; 
A/'=R.P.M. 

;^ = total number of inductors upon the armature; 
^= number of-pgK of poles; 
c = number of circuits in parallel upon the armature. 
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The derivation follows if we remember that when an inductor 
cuts lo^ lines of force per second, an E.M.F. of one volt is induced 
between its erfds. 

The magnetic field of a generator is produced by the ampere- 
turns of the field windings according to the formula, 

Magnetomotive force =.47rX ampere-turns, 




Magneto- motive Force 
Fig. s 



and this magnetomotive force acting over the reluctance of the 
magnetic circuit produces a flux according to the relation 



flux= 



M.M.F . 

reluctance' 



The curve showing the relation between flux and M.M.F. is 
shown in Fig. 5; it is seen that at low values of M.M.F. a small 
increase in M.M.F. produces quite a large increase in flux. As 
the field becomes stronger the flux curve begins to bend over 
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more and more, so that for large additions of M.M.F. there is 
only a small increase in the flux; when in this state the iron is said 
to be saturated. 

In the case of a generator, in determining the magnetization 
or saturation curve, we make use of the fact that magnetomotive 
force is directly proportional to the field amperes, since the number 
of field turns is constant. Furthermore, in Eq. (6), if the speed is 
a constant quantity, the generated voltage will be a measure of 
the flux, all the other quantities being constants. The magneti- 
zation curve of the generator may then be plotted between 
generated volts and field current. 

It is preferable that the field of 
the generator be separately .excited, 
and a very convenient method for 
doing this is the so-called potentio- 
meter method. This consists of a 
rheostat, with a sliding contact, placed 
across the D.C. line as shown in Fig. 
6. By adjusting the slider S, any 
desired voltage can be had across the 
leads PQy from zero up to the value of 
the supply voltage. If the leads PQ 
are applied to a field it is possible to vary the field current gradu- 
ally from zero to its maximum value. 

Rheostats are usually made of tapering sizes of wire (shown 
diagrammatically in Fig. 6), in which case it is necessary that the 
field be put in parallel with the fine wire end. The coarse wire 
wiU then carry the field current plus the current flowing through 
that portion of the resistance which is in parallel with the field. 

The advantage of the potentiometer method may be seen from 
the following nimierical example. The shunt field of a generator 
is to be separately excited from a 250- volt line. The resistance of 
the field is 100 ohms and an external resistance of 150 ohms is 
available. Using the resistance in series with the field, it is pos- 
sible to vary the current from 2.5 amperes to i ampe? li- 
mimi; if values below i ampere are desired, a la 




Fig. 6 
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resistance is necessary. Used, however, as a potentiometer, the 

current may be varied from 2.5 to zero amperes. 

Excite the field of the machine to be used, from a source of 

E.M.F. greater 
than the rated 
voltage of the 
machine, using 
potentiometer 
connection as is 
shown in Fig. 7. 
(Note resistance 
of rheostat used 





Fig. 7 



on log.) For a 115-volt generator, excite the field from a 230-volt 

line, etc. With the line switch open, rotate the machine at it3 

rated speed by means of a prime 

mover whose speed can be held 

constant; place a voltmeter of 

suitable range across the 

brushes of the machine. With 

no current flowing through the 

field of the machine, it will be 

found that a small voltage is 

generated. This is due to a 

small amount of residual mag- 
netism retained from a former 

excitation. 

Now close the line switch 

and send a small current 

through the field of the gen- 
erator, making sure that its 

direction is such as to increase 
*" voltmeter reading. Then 
tig the speed of the ma- 
constant, take about 10 Field Current 
igs, raising the voltage Fig. 8 
:r cent above its rated value. Then decrease the value of 
Qt in similar steps until it is again zero. It will be found 
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that the descending curve is higher than the ascending, or in other 
words that the same field current gives a higher generated voltage 
descending than ascending. This is due to hysteresis or the 
retentiveness of the magnetic path. The cur\'e obtained is 
shown in Fig. 8. 

CatUion, Because of hysteresis, great care must be taken 
when on the ascending cur\'e, to always bring the magnetizing 
current up to the value at which a reading is to be taken. If the 
desired value should be exceeded and the current subsequently 
reduced to it, the readings obtained would lie on the descending 
curve. In case the desired value of field current is exceeded, 
adjust the current to the proper value, open the field circuit 
slowly for an instant and then let the current build up again. 
The opposite applies to the descending curve. 

After obtaining the readings for the magnetization curve, de- 
termine the shunt field resistance, using the same connections r.s 
before and measuring the voltage across the field at the machine, 

(c) A shunt generator, as its name implies, is one in which the 
field is shunted or connected direc x, across the armature. Thus 
a part of the armature current is diverted from the external circuit 
and sent through the field. As has been seen before, the resist- 
ance of the shunt field is made high in order that only a small 
percentage of the current output of the generator may be used 
in this part of the machine: the power expended in the field 
circuit is lost as heat, and being a constant loss, every effort is made 
to reduce it to as low a value as is practically possible. 

It was mentioned in part (a) that even with no field current 
a small flux due to residual magnetism traverses the armature, 
which the conductors cut as they rotate. If the shunt field is 
connected across the brushes, the small E.M.F. generated by the 
armature, causes a small current to flow through the field winding, 
which strengthens the residual field. This increased field indu:cr> 
3f higher E.M.F. in the armature, which in turn causes more 
field current, so there results a stronger field, and so on until 
the excitation reaches its proper value. This process is called 
" building up." It is quite evident that if there is no resid 
magnetism present, as may sometimes occur, that the macl 
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cannot " build up " any voltage. In this case the field must 
be excited by some exterior source of power. Another possibility 
of trouble is reversed field connections, so that whatever voltage 
is generated due to residual magnetism, causes current to flow 
through the field coils in such a direction as to weaken the residual 
magnetism instead of strengthening it. To test for this, open 
the field and determine the voltage due to residual magnetism. 
Then close the field and notice if the voltmeter drops toward 
zero. In this case reverse the field connections. If there is a 
short circuit in the external circuit the machine will not build 
up, nor can it if the field connections are open. If the residual 
magnetism is weak, increasing the pressure of the brushes will 
often start a machine to build up its voltage. 

The external characteristic of a shunt generator is the curve 
which shows the relation between terminal voltage and external 
current. If we have a generator rotating at rated speed and 
allow it a definite field current, it will generate a certain E.M.F. 
If the external circuit is closed through a resistance, a current 
will flow through the armature and the external circuit, depending 
upon the value of the voltage generated and the resistance of the 
external circuit. It has been seen before that when current 
flows through an armature, there is a drop of potential, so that 
some of the voltage induced by the generator will be used up in 
the armature and the remainder in the load circuit. We may 
write this in the form of an equation as follows: 

Eg=Et+IaRa, (7) 

where £^= voltage generated by the machine; 
Et = terminal voltage ; 
/o= current flowing through the armature; 
-Ra= resistance of the armature circuit. 



A 
J 



and more load is placed upon the machine the ter- 
m' is decreased due to the increased /if drop in the 

i 1 addition to this there is also armature reaction to 

account, the effect of this being generally to weaken. 

i thus reduce the generated voltage. Furthermore, 
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the shunt field, being also connected across the terminals of the 
machine, receives less and less current due to the terminal voltage 
decreasing which still further weakens the flux. It should be care- 
fully noted that the decrease in shunt field current, is a result of 
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Fig. 9 



increased armature IR drop and armature reaction, for if the 
terminal voltage had not fallen due to these two phenomena, the 
shimt field current would have remained constant. 

It is evident from the above that the greater the armature 
resistance the larger will be the armature IR drop and the more 
the voltage will fall oflF with the load ; armature reaction should 
also be kept as small as possible. 

As the external resistance is decreased more and more, a point 
is reached where the external current no longer increases but 
actually decreases. If the external resistance is still further 
decreased the current continues to decrease until when dead 
short circuit is reached there is only a small current flowing. 
The E.M.F. generated in the armature under such short circuit 
is due to the residual flux and it is nearly all used up as IR drop 
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ill the armature, the terminal voltage beinq practically zero. 
The reasons for the curvx bending back on itself can be seen by 
comparing the curve with the magnetization cur\'e as in Fig. 9. 
The machine with no external current flowing is operating at 
a point upon the saturated portion of the cur\x. When the 
Tield weakens a little due to the addition of load as stated before, 
the point of operation is then lower down, but as the field is still 
somewhat saturated the change in flux is not great. However, 
when the machine drops down to the straight portion of the 
magnetization curve, where a small change in field current causes 
a large decrease in flux, then the generated and terminal voltages 
fall away quite rapidly and the external current decreases. 

That the external characteristic bends back on itself may 
further be seen if we consider the equation 

' K 
where /c = cu rent flowing through external circuit; 
i'<= terminal voltage as before; 
/?c = resistance of the externa: circuit. 

Both/?/ and Ft are decreasing quantities throughout the 
determination of the external characteristic and whether /« 
increases or decreases depends upon their relative rates of 
decrease. The operator causes Re to decrease as he chooses by 
adding load to the machine, but the rate of decrease of Et is 
determined from Eq. (7) and the shape of the magnetization 
curve. At first as Re is decreased, Et does not decrease relatively 
as much and the external current increases. This continues, 
Et decreasing at a relatively increasing rate, imtil finally, the 
machine haying reached the bend in the magnetization curve, 
Et decreases faster than Re and le begins to decrease. 

To determine the external characteristic, the machine should 

be so ad'usted that when it is supplying full load current its 

terminal voltage is at its rated va ue. However, if this were 

)ne, the armature current would reach an excessive value before 

^ curve would tu:*n back on itself, and it is therefore advis- 

►le to obtain a curve of this peculiar form by starting with the 
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machine at its rated voltage at no load. Such external 
characteristic is illustrated by the broken curve in Fig. 9. 

According to modern practice nearly all large generators and 
most small ones are equipped with commutating poles, by whose 
aid, sparking at the commutator and the necessity for brush 
shifting are done away with. The presence of commutating 
poles may to some extent alter the shape of the external char- 
acteristic so that it is preferable to use a generator not so equipped 
to determine this curve. 

Connect the machine as indicated in Fig. 10, using an ammeter 
of the proper range in the field and one in the external circuit whose 
range will equal twice the rated full load current of the machine. 

Adjust the machine to normal voltage at full load and rated 
speed and shift the brushes to the position giving best com- 
mutation. Without altering the field rheostat remove the load, 
and after making certain that the speed is still at its rated value 
read the voltmeter. The per cent rise in voltage determines the 
regulation of the machine, as the regulation of a generator is 
given by the equation. 

"R 1 f' _^iio lo2.d voltage — full load voltage 

full load voltage 

Shift the brushes to give no sparking and then lower the 
voltage of the generator at no load to its rated value, and after 
noting that the speed is at its 
proper value read the meters. 
(If the generator used is equipped 
with commutating poles, it will 
not be necessary to shift the 
brushes if they were properly set 
to start.) Then keeping the 
speed constant and without 
altering the field resistance or shifting brushes, continue adding 
load in the form of lamps or water rheostats in equal incre- 
ments, each time taking a reading upon all the meters. Continue 
this until the voltage is low enough for the machine to be com- 
pletely short circuited. Record readings and calculate the 
armature IR drop as indicated in Table III. 




Fig. 10 
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TABLE III 



Speed. 


Terminal 
E.M.F. 


Armature 
Current. 


Field 
Current 


Armature IR 
Drop 
















1 

i i 



After this test (using a generator not provided with com- 
mutating poles), bring the machine to rated voltage at rated 
speed with no load upon it, adjusting the brushes to give best com- 
mutation. Then add full load and shift the brushes forward 
until the point of best commutation is again reached ; watch the 
voltmeter very carefully while this is being done. Then shift the 
brushes further forward and then backward beyond the no-load 
neutral point, again noting the voltmeter and also sparking. 

Finally measure the armature resistance for several values 
of current from zero to the maximum value used. Plot a curve 
between armature current and armature resistance and use this 
curve in calculating IR drop in table. 

Curves, Plot the magnetization curve of the machine from, 
the results obtained; plot the external characteristic on the same 
sheet, using same scale for E.M.F. 

Conclusions. What are the advantages of the potentiometer 
method for separately exciting a field? In determining the mag- 
netization curve, if the rheostat used had been connected in series 
with the field, what would the lowest obtainable value of current 
have been ? How much resistance in series with the shunt field 
would have been necessary to obtain the lowest value of field cur- 
rent you recorded? What does the magnetization curve show? 
Why are the ascending and descending curves not coincident ? 
What purpose does residual magnetism serve? For what 
reasons might a generator refuse to build up and what action is 
necessary to remedy the trouble? What is the regulation in 
per cent of the machine tested? Explain why the terminal 
voltage of a generator tends to fall with increase of load. Why 
should the armature resistance of a generator be made low ? 
Explain briefly the principles upon which armature reaction and 
jparking depend. Why does the presence of commutating poles 
eliminate sparking and the necessity of shifting brushes. 



EXPERIMENT IV 

The Compotind Generator, (a) Armature Characteristic of 
a Shunt Generator, (b) External Characteristic of a Compound 
Generator, (c) Effect of Operating a Compound Generator at 
Speeds Higher or Lower than Rated Value. 

(a) We have seen that when a shunt generator is loaded, the 
terminal voltage falls if no attempt is made to regulate it, the 
decrease being due to IR drop in the armature and armature 
reaction. As a result of these, the shunt field current Is reduced, 
causing a still further decrease in voltage. Referring to the 
equation Eg-^Et+IRait is evident that if the terminal voltage 
Et is to be maintained constant while IRa is increasing, the value 
of Eg must be increased. Referring to Eq. (6) it will be seen 
that either the speed or the field flux might be increased and 
the generated voltage thereby raised. Increasing the field flux 
is the more feasible, as the prime movers used for driving gene- 
rators are built to maintain a constant speed. Then as load is 
added to the generator, sufficient additional flux must be provided 
in order to raise the generated voltage enough to compensate for 
armature IR drop and armature reaction. In order to provide 
more flux, more shunt field current is necessary, so that the no- 
load shunt field current will be smaller than the full-load field 
current. There must then be some external resistance in series 
with the shunt field at no load, which can be cut out and the 
shimt field current thereby increased as load is increased. 

The armature characteristic is the curve showing the relation 
between the external and the shunt field currents, when the ter- 
minal voltage is maintained constant by shunt field regulation. 
The ciure is usually concave upward (as is shown in Fig. ii) 
due to the fact that the increase in flux per unit increase of the , 
shunt field current, as indicated by the magnetization 
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decreases as the iron approaches saturation. Accordingly there 
is needed a greater increase in shunt field current to compensate 
for a given value of armature /i? drop and armature reaction 
at high loads than at light loads. 

Since the number of turns upon the shunt field is constant, 



Full Load Shunt Field Current 




No Load Shunt FialJ Currant 



<0 



Armature Characteristic 
of a 
Shunt Generator 



E.At^rAit Currant 
Fig. II 
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and che number of shunt ampere turns therefore always pro- 
portional to the shunt field current, we can then determine the 
per cent increase in the number of ampere turns from no load- 
to full load. 

Connect the generator to be tested as in Fig. lo and start at 
rated voltage and speed with no load upon the machine. Then add 
load, maintaining rated speed and adjust the shunt field resistance 
so that for each addition of load the voltage is brought back to 
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its rated value. Take eight readings up to 25 per cent over- 
load. Use log as in Table III. 

(b) It was pointed out in Exp. Ill that a shunt generator, when 
no attempt at regulation was made, decreased its terminal voltage 
with increase of load. However, if sufficient flux was added 
to compensate for the factors causing the decrease, then the 
terminal voltage remained constant. In part (a) it was seen 
that the necessary increase in field ampere-turns could be obtained 
by decreasing the resistance of the shunt field circuit. A verj' 
simple way of causing an increase in the field ampere-turns is 
to employ the external current, which causes the terminal voltage 
to fall, by simply passing it through the series field winding 
which consists of several turns of large wire. Such a machine 
is called a compound generator. Qjie series field carries all or ' 
a fixed per cent of the current output of the machine and is then 
in series with the external circuit. The shunt field provides the 
correct no-load flux of the machine, while the series field com- 
pensates for the loss of voltage due to armature reaction, IR \ 
drop in the armature, and IR drop in the series field itself.^ If 
the niunber of series turns is more than sufficient to compensate 
for all the losses of E.M.F. then the terminal E.M.F. will rise 
with increase of load current. In lighting systems and isolated 
plants the overcompounding, as it is termed, is about 2 to 3 per 
cent, while in railway work the generators are usually 10 per 
cent overcompounded, the E.M.F. rising from perhaps 500 volts 
at no load to 550 volts at full load. This regulation is entirely 
automatic and almost instantaneous. Generally machines are 
tuiltwith more than enough series turns, and then a portion of 
the external current is shunted off by means of a German silver 
shimt, so that by var\'ing the resistance of the shunt a wide 
degree of compounding can be obtained. 

From the data obtained in part (a) the number of series turns 
necessary to convert the machine there used to a compound 
generator, can be calculated if the number of turns upon the shimt 
field are given, as we then know the actual increase in the ampen*- 
lums from no load to full load. By dividing the increase in amf 
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turns by the value of the full-load external current we obtain 
the minimum number of series turns that the machine requires. 

It will be found that the external characteristic of a compound 
generator is somewhat convex upward, this being due to the 
shape of that portion of the magnetization curve upon which 
the machine is operated. 

In studying the compound generator it is seen that there are 
two different field currents, one circulating through a winding of 
a large number of turns of fine wire, the other through a winding 
of a few turns of large wire or strip, so that there must then be 
devised some way of expressing one in terms of the other. This 
is possible if we know the ratio of series to shunt turns, and this 
ratio can be experimentally determined as follows: The series 
field of the machine is first separately excited from some outside 
source of power and a current sent through it, equal to the full 
load external current of the machine. Then with the machine 
rotating at rated speed the voltage across the armature is deter- 
mined. There being no current through the armature, generated 
and terminal voltages are the same. Then in turn, the shimt field 
is separately excited and a current is sent through it of such a 
value that, with the machine again rotating at rated speed, the 
terminal voltage is the same as before. 

In both cases the armature cut the same number of lines of 
force, since it was rotating at the same speed and generating the 
same voltage. The number of ampere-turns upon the field must 
therefore have been identical in both cases, so that we may write 

. 47:^1/1 . 471^2/2 

^ ~ reluctance reluctance' 

where wi = number of shunt turns; 
^2= number of series turns; 
1 1 = shunt field current ; 
/2= series field current. 

Eliminating constants we have 

/l W2 j^ 
I2 Wl 
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which states that 

scries turns 

Equivalent shunt field current = series field current X-r — n ' 

^ shunt turns 



or 



Equivalent shunt field current = series field current XiiT. 



In case the series field has a German silver shunt and the 
actual ratio of turns is desired, it will be necessar}' to determine 
the actual current flowing through the series field. Where the 
value of K is to be used in getting the total magnetizing current, 
it is better in determining K, to assume that all of the external 




Fig. 12 

current flows through the series field. The value thus obtained 
will be less than the actual value, but it makes calculations easier, 
since to obtain total magnetizing current w^e need only multiply 
the external current by K to obtain the shunt current equivalent 
to the series field current. 

Thus for any load condition we may add to the shunt field 
current, the corresponding series field current multiplied by K 
and obtain the total magnetizing current expressed in terms of 
the shimt field current. If the same generator was used for both 
parts {a) and (6) then a curve plotted between externa,! current 
and total magnetizing current from the results of part {h) should 
be very nearly the same as the armature characteristic of part (a). 

Connect up the machine as in Fig. 12 and operating it at rated 
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speed, adjust the shunt field resistance to give rated no load volt- 
age. Then with no further adjustment than to keep the speed 
constant, add load to the machine. Read external and shunt 
field currents and terminal E.M.F. taking ten readings from no 
load to 25 per cent overload. Use a log as shown in table IV. 



TABLE IV 



Terminal 
Volts. 


External 
Current. 


Shunt Field 
Current. 


Shunt Field 

Current 

Equivalent to 

Series Field 

Current. 


Total 

Magnetizing 

Current. 


Speed. 


I 


2 


3 


4 


5 


6 








(2)X"X" 


3+4 





























{c) It is of considerable importance that a compound generator 
be operated at rated speed if it is to compound as intended. If a 
flat compounded generator is operated at a speed higher than rated, 
but with rated voltage at no load, it will be found that it will 
overcompound as load is added. If it had been operated at 
lower than rated speed, it would have undercompounded. 

We have seen from Eq. (6) that Eg=^k<j>N, so that at rated 
speed there is necessary at no load a certain value of flux. This 
is shown in Fig. 13, oc being the value of the shunt field current 
and oi the value of the flux produced. As load is added to the 
machine the series field provides a certain additional number 
of ampere-turns shown by the distance cd. The machine thus 
operates between the points p and q on the magnetization curve, 
the flux added being represented by the dstance ij. This amount 
of flux is sufficient to compensate for the loss of E.M.F. due to 
the addition of load, so that the machine is flat compounded, as 
shown in the full line curve m Fig. 14. If the machine is to be 
ted at a speed higher than rated, it follows that if the arma- 
s to generate the same no-load voltage, the same amount 
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of flux must be cut per second, so that if the speed is raised, less 
flux is necessary. Under these conditions a smaller shimt field 
current, shown as oa, is sufficient, so that the machine begins 
operating at the point m on the ciu^e, the value of the flux being 




Total Magnetizing Current 
Expressed in Terms of 
stunt Field Current 

Fig. 13 



When full load is put upon the machine, the series field pro- 
vides the same addition of ampere-turns as before, so that the 
distance ab is equal to cd. The flux thereby added is shown as 
gh, which is more thai; ij (the amount just necessary to compensate 
for loss of voltage) which causes the machine to overcompoimd 
as shown in Fig. 14. By similar reasoning it will be seen that 
operating below rated speed requires more no-load shunt field 
current, but the magnetic circuit is then more highly saturated 
so that the series field is unable to provide sufficient flux to com- 
pensate for the losses in potential and the machine imdercom- 
pounds. 



30 



TESTING OF ELECTRICAL MACHINERY 



Operate the machine with the same coimections as in part 
(6) at speeds 15 or 20 per cent above and below rated value, begin- 
ning at ^the rated value of terminal voltage. Take about eight 
readings up to full load. 



Rated Value 
ofEJUJ. 




Abovejated 
Rated 



S/^eed^ 



i 



^^^o^'fiir^ :~^ 
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s 



Externa/ Current 
Fig. 14 

Determine the value of K for the machine as indicated in 
part (6). The connections are shown in Fig. 15. 
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Fig. 15 
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Curves. Plot the armature characteristic and to the same set 
of co-ordinates, plot a cur\'e bet\\'een external current and total 
magnetizing current as obtained in part (6). To another set of 
co-ordinates plot the three compound characteristics as obtained 
in parts (6) and (c). 

Conclusions. What is the increase in ampere-turns from no 
load to full load in per cent of the full load Milue, in the shimt 
generator operating at rated speed? If the number of shimt 
field turns can be obtained, calculate the number of series field 
turns necessarj' to make the machine flat compounded with all 
of the external current i>assing through the series field. Why 
should the resistance of a series field be made low? Explain 
why a flat compounded generator overcompounds or under- 
compoimds, when operated at higher or lower than rated speeds 
respectively, if started at rated no-load voltage. Would you 
consider the operation of a shunt generator satisfactory for 
commercial work if the load is widely varying and constant 
terminal voltage is desired? Does the compoimd generator 
meet the diflSculties? Explain why. 



EXPERIMENT V 

The Shunt Motor, (a) Speed Characteristics, (b) Commer- 
cial Efficiency by Brake Test. 

From a structural standpoint the shunt motor and the shimt 
generator are identical and it will also be seen that both depend 
upon the same phenomena for their operation. In fact any 
direct-current dynamo-electric machine that can be used as a 
generator can also be used as a motor, the only point of difiference 
being in their function and application. A generator has mechan- 
ical energy supplied to its shaft and this energy is converted into 
electrical energy by the rotation of the armature in the magnetic 
field. In the case of the motor, electrical energy is supplied 
to its field and armature and the machine converts it into 
mechanical form at the shaft. 

Motors are usually classed according to their field windings, 
these being known as shunt, series, and compound ; these types 
correspond exacdy with those in the generator. 

The operation of a motor involves two fundamental phenom- 
ena. The first is, that when a conductor carrying current is 
placed in a magnetic field, a force is developed which tends to 
move the conductor in a direction at right angles to itself and to 
the magnetic flux. This force is direcdy proportional to both 
the strength of the field and the current flowing in the conductor. 
The direction in which the conductor moves (for obviously it 
can sweep across the field in either of two ways) depends upon 
the direction of the current in the conductor and the direction 
of the magnetic flux. 

In a motor we have a number of conductors distributed around 

the periphery of the armature, and when the latter is placed in 

'letic field, some of the conductors develop a torque when 

flows through them and move at right angles to the field, 

3a 
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thereby rotating th^ armature. As the}* move out of the field, 
others take their places and in turn also move out, so that the 
torque is continuous and the armature keeps on rotating. 

The second phenomenon is the same as that upon which 
the operation of a generator depends, namely, that when a con- 
ductor, whether carrying current or not, is moved in a magnetic 
field so as to cut lines of force, an electromotive force is generated 
in It. 

In the case of the generator, as soon as current flows in the 
windings of the armature, a torque is produced which tends to 
move the conductors in a direction opposite to that in which the 
amatiu-e rotates, due to the fact that the conductors are carrying 
current and are placed in a magnetic field. That is, the current, 
which flows through the conductors as a result of their cutting 
the magnetic field, causes a torque in the direction opposite 
to that in which they are mo\ing. It is this counter torque 
which the prime mover must overcome in order to continue the 
rotation of the armature. 

In the motor, when current is sent through the armature 
winding, a reaction takes place bet^-een the armature conductors 
and the magnetic field and the armature rotates. As soon as 
it begins to rotate, due to the fact that the conductors are cutting 
the lines of force of the field, an E.M.F. is generated, which is 
in the opposite direction to that impressed upon the armature. 
This is called the "counter" E.M.F. of the motor and e\'idently 
it cannot become equal to, or greater than the impressed E.M.F., 
so long as the machine is operating as a motor, for then no current 
would flow and the armature would cease rotating. 

It follows then, that the generated E.M.F. of the generator 
and the counter E.M.F. of the motor are the same and that the 
terminal E.M.F. of the generator becomes the impressed E.M.F. 
of the motor. In Eq. (7) {Eg^Et+IRa), we saw that while 
the machine was delivering current and IR therefore positive, 
that Eg was greater than £«, while if no current flowed, Eg and 
Et would be equal. If the machine operates as a motor and 
takes current (which for the same direction of rotation could 
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in the reverse direction) IR would be negative. Under these con- 
ditions Eg is called the counter E.M.F. and is evidently less than 
Et. We may then write 

e = Et-IR, (8) 

where e* = C.E.M.F. 

By transposition v.c also have 

nt = c-^IR, (9) 

and kT' ^^^^ 

The latter form is reallv Ohm's law for a motor and it indi- 
cates that the armature current is caused to flow bv an eflfective 
E.M.F., which is equal to the difference betr^een the impressed 
and the counter E.M.F.'s. 

Since the C.E.M.F. of a motor is the same as the generated 
E.M.F. of a generator, then Eq. (6) is also that for the C.E.M.F. 
of a motor, so that we have 

^^^:X^ (IX) 

which indicates that the C.E.M.F. depends upon the flux and the 
speed. 

The shunt motor, as stated before, has its field and armature 
connected in parallel across the supply circuit. Since the resist- 
ance of the shunt field is constant except for temperature changes^ 
the field current and therefore the flux will depend upon the 
line difference of potential. This usually has a constant \'alue 
and as a result, the flux, so far as it depends upon the field current, 
^•ill remain constant, i.e., independent of load. 

With this fact in mind, let us now consider what happens 
when load is placed upon the armature. This means that the 
armature must increase its torque or turning effort and to effect 
this, there must be a greater force exerted between the armature 
inductors and the field flux. This force is proportional to the 
product of field flux and armature current, so that if it is to be 

reased there must be an increase in the armature current. 
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the field flux being constant. Now consider Eq. (lo), in which 
Et and Ra 2iXt constant. If /« is to increase, e must decrease, 
and in order that this may be, since <}> is constant, the speed must 
falL This brings us to the first operating characteristic of the 
shunt motor, namely, that as the load is increased, the speed falls. 
Thus, when additional load is put upon the motor, the machine 
at that instant not developing the required torque, begins to 
slow up a trifle. This causes the C.E.M.F. to decrease, more 
current passes through the armature and a greater torque is 
developed. This continues until the motor exerts the required 
torque, the speed becoming constant at a \'alue a little below 
what it was before. In a well-designed shunt motor the decrease 
in speed from no load to full load is, however, verj- small, so 
that the shunt motor is often called a constant-speed machine. 
From Eq. (8) it is evident that if /^ is high, the drop in speed 
will be large, so that to obtain good speed regulation with load, 
the armature resistance must be low. Substitution of some 
actual values in Eq. (9) will give an idea of the relative changes 
of C.E.M.F. and armature current from no load to full load. 
A 5 h.p., 1 10- volt shunt motor would require an armature current 
of about 40 amperes at full load and about 4 amperes at no load. 
The armature circuit resistance of such a motor would be about 
0.25 ohm. Using no load values in Eq. (9) would give 

110 = 109+4X0.25 

and at full load 110 = loo-f 40X0.25. 

With a small change of 9 volts in the C.E.M.F. the armature cur- 
rent rose from 4 to 40 amperes, which is a considerable change. 
Let us now consider what happens when resistance is inserted 
into the armature circuit. When current flows through the resist- 
ance there will be an IR drop across it, so that the E.M.F. 
applied to the armature terminals will be the difference between 
the line E.M.F. and the IR drop across the variable resistance. 

Then E-IR,,=e+IR^ (12) 

For this equation to be satisfied, e must decrease, but since 
e=K<t>N, in which <t> is constant, the speed must fall. This 
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in one sense, is equivalent to changing the armature resbtance, 
as will be seen if we rewrite Eq. (12) in the form 

E,=^e+I{R,+R„). 

The effect of adding resistance to the shunt field circuit is 
just the reverse. The first effect produced is a decrease in the 
shunt field current, which in turn decreases the flux and the 
C.E.M.F. This permits more armature current to flow and 
the extra torque developed accelerates the motor until the 
C.E.M.F. has built up to such a value that normal armature 
current is again flowing. If the armature current has nearly 
the same value in both cases (i.e., before and after resistance 
was added to the field) then the value of the C.JE^.F. must be 
nearly the same for both cases and in order to s2Lf isfy this condi- 
tion for a decrease in flux, there must be a corresponding increase 
in the speed. To operate the motor at a higher speed requires a 
slight increase in torque, so that with the weaker field the 
armature current must increase enough to cause the motor to 
exert a little greater torque than before. This will, however, 
require only a slight change in the C.E.M.F. as was noted before. 
The practical limit to weakening the field is imposed by sparking 
at the brushes, due to the fact that with the weakened field, 
armature reaction is able to distort the field to such an extent 
that there is no commutating flux. The absolute limit to field 
weakening is complete open circuit in the shunt field. If this 
accidentally occurs, the machine will tend to speed up to a dan- 
gerous value, the high speed being necessary to generate the proper 
value of C.E.M.F., since only residual flux is present. Mean- 
while it also draws an excessive value of current from the line. 

When the brushes are shifted in a motor not equipped with 
commutating poles, as in the generator, armature reaction is 
intensified. For a backward shift, due to the creation of more 
back ampere-turns, part of the main field flux is neutralized and, 
as above, the speed rises. Furthermore, the effect of shifting 
brushes is to decrease the effective number of inductors upon the 
armature. In Figs. 16 and 17 is shown a motor armature in 
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which the inductors marked with a cross carry current away 
from the observer, those marked with a dot toward the observer. 
We have seen that when the conductors upon the armature 
of a motor revolve in the magnetic field, there is generated in 
each an E.M.F. which is in the opposite direction to that im- 
pressed upon the armature. This generated E.M.F. was called 
the counter E.M.F. Considering only the C.E.M.Fs. in the case 
of the conductors to the left of the line aa in Fig. i6, the ends 
toward the observer are positive with respect to the ends away 
from the observer. In those to the right of aa', the observer is 
looking at the negative end of the conductor. In an armature 




Fig. 17 



the individual conductors are always so connected that the posi- 
tive end of one of the right-hand conductors is joined to the 
negative end of a conductor on the left of aa\ Thus all of the 
cottiuctors are joined to add their individual C.E.M.Fs. 

Kthe brushes are now shifted backwards to the position bb\ as 
shbil^ in Fig. 17, the current in conductors 7, 8, 15 and 16 is 
reveibed, but as these conductors are still cutting the flux as 
before, th^ upper ends of 7 and 8 will still be negative and those 
of 15 and 16 positive with respect to the lower ends. Since the 
upper end of each conductor above bb' is joined to the upper end 
of some conductor below bb\ then some of the conductors are 
connected in the improper order, i.e., the positive ends of some 
of the conductors are joined to a positive end of another. The 
C.E.M.Fs. of some of the conductors thus oppose those gei 
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crated in others, and the effect is equivalent to decreasing 
the effective number of conductors. Since e = K'iNn (where n is 
the effective number of conductors) it follows that if e is to remain 
at its proper value, the speed must increase. 

We have seen before that the effect of additional load is to 
cause the speed of a shunt motor to decrease. Increase of arma- 
ture current is also accompanied by greater armature reaction, 
whose effect, as we have just seen, is to decrease the effective 
flux and thereby increase the speed. It might then be argued, 
that if armature reaction were made great enough, a constant 
speed shunt motor might be designed. Whereas this is possible, 
it is never done, armature reaction being kept as low as possible to 
obtain good commutation. Besides, the drop in speed in a shunt 
motor, from no load to full load, being only a few per cent., is of 
no great commercial importance. 

In order to change the direction of rotation in a motor the 
relation of armature current to field flux must be changed. This 
involves reversing either the armature or the field current. If 
both are reversed, their relation remains the same and the armature 
continues to rotate in the same direction as before. 

Connect the shunt motor to be used as in Fig. i8, choosing 

VR 

-mmm 




VRp 




Fig. i8 

ammeters and variable rheostats' of suitable current capacity. 
The terminals of the starting box will generally be marked as in 
the diagram and they should be connected as indicated. The start- 
ing box shown has four terminals, of which two are marked 
line"; one of these will be a large terminal (marked "a" ia 



THE SHUNT MOTOR 



39 



the diagram), the other is a small terminal (marked ** 6 "). Many 
starting boxes are provided with only three terminals, and in this 
case, line terminal b is the one omitted and the connection 6, F2, 
is left out. 

With all of the resistance cut out of both rheostats, close 
the line switch and slowly move the handle of the starting box 
as far as it can go. If the starting box is properly connected the 
tiandle will remain in this position. 

(i) With the machine running free, adjust the brushes by shift- 
ing backward and forward, to obtain the minimum speed; note 
that at this point the sparking is a minimum. It is known as 
the no-load neutral point. 

(2) Shift the brxishes forward a small amount, note speed and 
sparking and read the meters. Again move them forward 
an equal amount and repeat. Continue this until either the 
speed rises 25 per cent or the sparking becomes bad. Repeat, 
moving the brushes backward. 

Note: If the machine assigned is provided with commutat- 
ing poles, perform i and 2 upon another machine. 

(3) With the brushes on the neutral point and no load on the 
motor, insert resistance into the shunt field circuit by means of 
VRf. Do not raise the speed more than 25 per cent above the 
normal value. Carefully determine speeds and read all meters. 
Take from 8 to 10 readings, recording in a log as in Table V. 
Put load on the motor by means of a brake and repeat, holding 
the armature current constant at one-half rated value by adjust- 
ing the brake tension. 

TABLE V 



Armature 
Volts. 


Armature 
Amperes. 


Field 
Amperes. 


Speed. 


Armature 
IR Drop. 


C.E.M.P. 












! 










1 





(4) With no load on the motor insert resistance into the 
armature circuit by means of VRa {VRp should be all cut out), 
again noting speed variations and reading all meters. Repeat 
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holding the armature current constant at one-half rated value, by 
means of a brake. 

(s) Investigate the methods of reversing the direction of 
rotation of the armature. 

(b) The rating of a motor is usually given in horse-power, and 
is the actual or available horse-power at the motor pulley. To 
determine the horse-power output of a motor, we must know the 
pull F, which the motor is capable of exerting at the periphery of 
the pulley, and also L, the radius of the pulley. In one revolu- 
tion the point of application moves a distance 2tL with respect 
to the pulley, and in one minute, if N expresses the R.P.M., it 
moves a distance 2tLN, The work done in foot-pounds per 
minute is then 2irFLN, and since 33,000 foot-poimds per minute 
is equivalent to one horse-power we have 

^^^2jrLFN^TN 

33,000 5250 

where L is expressed in feet, and T is the torque in pound-feet. 

The efficiency of a motor is the ratio of the power which the 
motor gives out in mechanical form, to that which it receives in 
electrical form. The most direct way of getting the efficiency 
is to measure both; to get the mechanical output a brake is most 
commonly used. 

The principle of a mechanical brake is that mechanical energy 
is transformed into heat by friction. One of the simplest forms 
of brakes is one in which a leather or canvas belt is wrapped partly 
around the pulley, as shown in Fig. 19. The belt is suspended 
from two spring balances, one of which is suspended from a hook 
in some form of frame, the other being himg from a threaded rod 
which passes through the frame and engages a hai^dwheel. To 
adjust the brake, it is first necessary to allow the belt to hayftf 
loose, when, due to the weight of the belt there will be a smau 
pull upon both balances. This must be noted and subtracted, 
from all subsequent readings. Any load can now be put upon 
the motor by increasing the tension of the belt, which causes 
greater friction. In order that the pulley shall not get too hot, it 
is generally of the water-cooled type, i.e., built to hold water in 
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the inside of its rim. The pull exerted by the motor is the 
difference between the net readings of the spring balances. 

(A steelyard may be 
substituted for bal- 
ance Si.) 

Another form of 
brake which is very 
conmionly used is 
known as the Prony 
brake. A good form 
of it, as shown in 
Fig. 20, consists of a 
beam of wood hol- 
lowed out at one end 
to fit the pulley. 
Around the pulley are 
V placed two thin iron 
' straps on the inside 
of which are placed 




Fig. 19 



small blocks of wood. One end of each strap is fixed and the 
other ends are attached to a threaded rod which passes through 
the beam and can be moved up or down by means of a o 
nut or threaded handle. The tension of the brake can 
thus be varied at will. 

The brake described above has the effect of increas- 
ing the radius 
of the pulley, JB 

as the force is ■ lUJ 

measured in a 
direction per- 
pendicular to 
a line passing 
through the 
center of the 
shaft or pul- 
ley. In the Fig. 20 
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form of brake described above it is rather difficult to do this, as the 
line from the center of the pulley to the point of application of the 
force is to a certain extent imaginary. Considering Fig. 21, we 
have that the torque is equal to the product of F and L. We ' 
have, however, that 

U 



L^ = L cosd or L= 



Now F^F' cos d. It follows then that 



r 



cosO' 



FXL^ ^XF'cosd=rxF\ 

cos^ 

If the arm of the brake is held horizontally, the torque of the 




Fig. 21 



f 



motor will be given by the length of the lever arm multiplied by 
the pull indicated by a spring balance pulling in a direction perpen- 
dicular to the brake arm. In order to determine the pull exerted by 
the brake itself, clamp it fast to the pulley and slowly raise and lower 
the brake, taking readings upon the spring balance. The average 
of these two readings gives the pull due to gravity of the brake. 
Remember to hold the spring balance perpendicularly to the brake 
arm when raising or lowering it. 

In Fig 22 are shown the characteristic curves of a shunt 
It will be seen that the efficiency, at first, rises very 
with increasing H.P. output, then slowly bends over, 
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becomes horizontal and falls on overload. This is due to the 
fact that the losses of the machine arc at the start nearly constant, 
but increase more and more rapidly until on overload they increase 
faster than the output. This is princijmlly due to the armature 
copper loss, which varies as the scjuare of the armature current. 
The same factors cause the cur\'c plotted between H.P. output 
and amperes input, to become concave upward on overload. 

To determine the commercial efficiency of the motor to be 
tested, connect it up as in part (j), omitting the two variable rheo- 
stats. Determine the full load armature current and operate the 
motor, first with no load upon it and then with i, 1, ?, i, J, } and J 
full load armature current. Read all three meters and the two 
spring balances and determine the speed for each setting. Record 
readings in a log as shown in Table VI. 



I 



Hi:3^eiUl/2^, 




H,P. Output 



Torque 



A IG. 22 



UcaGure tlie armature circuit resistance for the same range 
of currents as used above. Use the values here determined in 
the calculations for both parts {a) and {b) . 

Curves, — (a) Plot a curve between field current and si^eed 
from the results of run 3. Upon the same sheet of cross-section 
paper plot a curve between armature E.M.F. and speed from the 
results of nm 4. Plot speed as abscissa in both cases. 
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(b) Upon a second sheet of cross-section paper plot a set of 
curves as indicated in Fig. 22. Plot a curve between armature 
resistance and armature current upon a separate sheet. 



TABLE VI 



A 
Volts. 


Armature 
Amperes. 


C 

Field 
Amperes. 


D 

Total 
Amperes. 


E 

C.E.M.F. 


P 

Spring 
Balance Si 


c 

spring 1 
Balance 5s . 








B + C 




Initial 
Reading » 


Initial 
Readings. 

















H 

Net PuU. 


I 

Torque. 


J 

Watts 
Input 


K 

H.P. 
Input. 


L 

H.P. 

Output. 


M 

Per cent 
Efficiency. 


N 
R.P.M. 




AXD 










m 















Note. — When using Prony Brake omit column G, 

Conclusions. — What are the principles upon which motor 
operation depends ? How can the speed of a shiuit motor be 
increased above its rated value? How can it be lowered from 
its rated value? Give the reasons for these results.. What 
are the disadvantages of each method ? Why is the cur\'e between 
field current and speed concave upward ? 

Explain the form of the load characteristics. Why does the 
speed of a shunt motor fall off slightly from no load to full load ? 
Why must the armature resistance be made low? What is the 
speed regulation, in per cent, of the motor tested? What is 
the eflFect, on speed regulation, of resistance in series with the 
armature? 



EXPERIMENT VI 

The Motor Starting Rheostat. We have seen that when 
current flows through an armature that there is an IR drop, which 
when multiplied by the current gives PR, the rate of production 
of heat. If at orcinar}' temperatures the armature is unable to 
radiate this heat as fast as it is produced, it may rise to a tempera- 
ture of ioo° C. or more, at which values of temperature the 
various kinds of insulation upon the armature will be damaged. 
Accordingly the current capacity of a machine is taken as that 
value, which, with continuous operation will not cause the tempera- 
ture of the armature to rise more than 50° C. above a room 
temperature of 40° C* A machine is, however, usually capable 
of carrying a large current for short intervals, say 150 per cent of 
its full load value for half an hour. It might also be possible for 
a motor to take an instantaneous current of many times its rated 
value without undue injury, but such a current value would be 
beyond the range of the protective apparatus, such as fuses and cir- 
cuit breakers. These protect against comparatively small over- 
loads which if continuously applied would bum out the machine. 

When the armature of a motor is at rest and an E.M.F. is 
applied to its terminals, there is only the resistance reaction 
to balance the applied voltage, so that a current will flow through 
the armature according to the relation. 

^" Ra' 

where /«= armature current; 

£a= voltage impressed across the armature; 
i2a= armature resistance. 

The armature resistance being very low, it follows that if the 
value of Ea were that of the line upon which the motor is intended 
to operate, the armature current would "be excessive. 

* The matter of temperature ratings of electrical machinery is a coir 
one. See Standardization Rules of the A.Ui.E. and of the Electric Po 
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armature current equal to ico to 150 per cent of the full load 
rating of the machine will flow. 

The resistance in series with the armature also serves another 
purpose, namely, that of reducing the voltage applied to the 
armature. The effect of this (as we have seen in the previous 
experiment) is to reduce the speed. As soon then as the armature, 
with resistance in series is connected to the line, the current 
rises to ico to 150 per cent of the full load \^lue. This 
reacting with the field flux produces a torque which starts the 
armature rotating. As soon as it starts to rotate, a C.E.M.F. 



I 
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Points on Statiln,q Box 

Pig. 23 



6 



is generated, which in turn reduces the current to a smaller 
value and the motor continues to rotate at a speed somewhat 
below its rated value. If now a little of the starting resistance 
is taken out, there will be another increase of the current, more 
torque will be exerted and the speed will rise to a higher value. 
The sudden increase in current each time the starting resistance 
is reduced, is occasioned by the fact that the voltage across the 
armature is suddenly increased, whereas the C.E.M.F. at that 
instant is at the value fixed by previous conditions. Finally when 
all of the starting resistance has been taken out, the motor is 
operating at full speed directly upon the line. The variations 
of the armature current during starting under full load are sho^^ n 
in Fig. 23. • 

Motor-starting rheostats are made up in many different forms; 
a rather completely equipped form is shown in Fig. 24. The 
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Starting handle is shown in a position cutting out part of the 
resistance. Current enters let us say at the terminal L and flowa 
around a solenoid B, through a switch-blade contact C, along 
the movable arm D to the movable arm E. The current then 
divides, part going through the resistances ^3, rt, r^ to the ter- 
minal A, which is connected to the armature. The remainder 
of the current goes through the resistances n, n, to the terminal 
F, which is connected to the field. These currents unite at M, 
flowing back to the line on a common conductor. 







When the motor is standing still, the main switch is open 
and the arm E of the starting rheostat is over to the left against 
the stop N, being held there by a spiral spring P at the pivot 
of the arms. To start the motor,, the line switch is first closed 
and the arm E slowly moved over to the right against the ten- 
sion of the spring P, until it is on the last notch. Here the 
aim is held by the attraction of an electromagnet H for the 
iron keeper K upon the arm. This device is commonly called 
the " no-voltage " release. The electromagnet is enei^ized by 
current flowing from P and throi^h the high resistance R, this 
circuit being thus connected directly across the supply line. When 
the "lain switch is opened or the line potential fails,' the solenoid 
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H is demagnetized and the starting ann swings back to the 
starting position, automatically protecting the motor for the next 
starting or from a big inrush current if the line potential were 
again applied. 

The other automatic device is the overload release, which is 
essentially a circuit breaker. A solenoid B is placed in series 
with the main circuit and when the motor current momentarily 
exceeds a certain limit, the plunger Q is attracted upward and 
strikes a trigger T. This releases the arm D, which swings in 




toward £, due to the action of the spring P, The circuit is thus 
automatically opened at C. The lever D cannot be reset without 
moving the arm £ back beyond its starting position. 

In a majority of the starting rheostats in use, the overload device 
is not used, the line fuses being rehed upon to open the circuit 
in case of Overload. The advantage of having the overioad release, 
is that it is easily reset, whereas it takes time to put in new fuses. 

Another form of starting rheostat is shown in Fig. 25, in , 
which it will be seen that the winding of the no-voltage release 
is in series with the field, mstead of being connected directly 
across the line as in Fig. 24. This is an excellent arrangement, 
as it guards against accidental opening of the field. There is 
tiie disadvantage that a certain size starting box cannot be used 
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on all motors of the same size and voltage, inasmuch as the value 
of the field current may not be the same for the various different 
motors. The manufacturer of the motor can decide upon any 
value of field current he chooses, as field excitation is only a 
matter of ampere-turns. Thus in one motor the field current 
may not be high enough to give the electromagnet sufficient 
excitation to hold the starting arm, in another it may be so large 
as to cause the winding of the magnet to heat. 

The type of overload release shown on Fig. 25 is also dif- 
ferent from that in Fig. 24. In this case the arm P' is provided 
with a small piece of copper strip S', bent as shown. When P* 
is attracted due to an overload current flowing through the 
solenoid B\ the copper strip makes contact with two comple- 
mentary strips of copper and thus short circuits the winding 
of the no-voltage release. As a result the latter becomes 
de-energized and permits the starting arm to swing back to the 
starting position. The trouble with this device, though cheaper to 
manufacture, is that the auxiliary contacts are liable to be bent or 
become dirty and thus inoperative. The form of overload release 
shown in Fig. 24 is more positive in its action and more reliable. 

For this experiment, a starting-box is necessary which will 
permit a motor to be operated at full load current at the various 
notches for short intervals without dangerous overheating. Con- 
siderable energy is transformed into heat in the box under these 
conditions and most types will be injured if so operated. There 
are, however, a few excellent types upon the market in which the 
resistances are imbedded in sand with no soldered connections 
and which are absolutely fireproof. 

Connect the motor to be used in studying the operation of 
the starting box assigned, as in Figs. 24 or 25. The ammeter 
to be used in the armature circuit must have a range equal to 
double the full load armature current of the motor. The two 
voltmeters should have a range a little larger than the line voltage. 
Provide a slip of paper for each meter upon which the readings 
^a" be jotted down, as there will not be time to record them in 
;. Three men are really needed for rapid work, one to 
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manipulate the starting le\*er and read one vdimcttrr and the 
field ammeter, the second to read the remaining mt-iers and the 
third to take speed. 

With no load upon the motor close ihe line swiich and put 
the starting le\-er upon the nrst noich of the rheosra:. Ai the 
same time the maximum throw upon the armature ammeter 
must be noted and immediatelv reconied. As soon as the motor 
has reached steac^* speed, as determined by a tachometer, a 
reading upon all the meters is to be taken. Then the starting 
lever is to be moved to the second notch, the maximum reatiins' 
upon the armature anuneter. the speed and all the steady values 
are again to be recorded. This is continued until the running 
position has been reached. 

Then put a brake upon the motor and with the motor running 
Li full speed tighten the brake until the armature current is about 
80 per cent full load \-alue. Then without changing the tension 
of the brake stop the motor and proceed as before. 

// is imperative that the readings be taken rapidly, else the box 
will heat excessivelw 

After the second rim, determine the armature resistance for 
several \*alues of current, covering the range recorded in the lest. 
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1 
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! 
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1 

i 
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mum. 



Steady. 



CuiSnt. C.E.M.F Sp«J. 



Box 
Resist- 

ance. 



Record readings in a log as in Table \TI, using steady values 
of armature current to calculate C.E.M.F. and box resistance. 
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Curves, Plot a curve between armature current and notches 
on starting box as indicated in Fig. 23, for both no load and full 
load runs. Also plot curves for both runs between speeds 
(abscissa) and C.E.M.F. 

Conclusions. Why is a starting rheostat necessary? Why is 
it essential to provide maximum value of field current atme 
first point? Why should a motor be started slowly? How do 
armature and field currents vary during starting? Why cannot 
the usual type of starting box be used for continuous operation 
with the lever upon any of the starting notches? What determines 
the steady speed and armature current for each notch on the 
starting rheostat? 



EXPERIMENT VII 



Efficiency of a Shunt Motor by the Stray Power Method. 
The electrical input to a motor is not all converted into mechan- 
ical energy, some of it going to waste in various ways. Accord- 
ingly we may write that 

Input = Output + Losses, (14) 



and also 



Commercial Efficiency = 



OutDut Input — Losses 



(15) 



Input Input 

The losses in any motor or generator can be divided as follows: 

r Copper loss in armature 
^^ \ Copper loss in fields 

Bearing Friction 

^ , , . - , -' Air friction or windage 

Mechanical losses I t^ , r . .. 

I Brush friction 

Iron or f Hysteresis loss 

I Core losses [ Eddy current loss. 



Losses 



Stray Power 



Friction or 



Upon consideration of the copper losses, it is evident that if we 
know the resistance of the armature circuit we can immediately 
compute the PR loss for any value of current. This is true for a 
current actually measured or assumed and the same applies to 
the fields. 

The friction losses will vary directly with the speed within 
the limits between which the machine is operated. The hys- 
teresis loss, however, varies directly as the speed and the 1.6 
power of the magnetic density in the armature iron. The eddy 
current loss varies as the square of both the speed and the mag- 
netic induction. 

In the shimt motor as commercially operated tvvo factors 
are considered constant, naniely, the impressed E.M.F. and the 
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shunt fi<^ld current. Let us, far the moment^ neglect the effect of 
armature reaction upon the flux and therefore consider ike latter as 
being constant under all conditions of load. 

When tl.e load upon the motor was increased^ we found that 
there was a decrease in C.E.M.F. and a slight drop in speed. 
From the equation e=^K<l>X it foUo^^'s that if the flux is consid- 
ered constant, the C.E.M.F. is directly proportional to the speed. 

The equation for the armature current of a shunt motor is, 
as we have seen, 



/« = 



R 



so that, knowing the resistance of the armature, we are able to 
calculate the value of the C.E.M.F. for any \'alue of armature 
current. Xor does it make anv difference whether this value 
of armature current is one actually obtained in practice or 
one assumed. Then if we know the value of the speed and 
C.E.M.F. at some value of armature current, we can calculate 
the C.E.^I.F. at any other armature current and by proportion 
obtain the speed. That is, we predict the speed at which the 
motor would run if it had a certain value of armature current 
We can thus forecast the speed load cur\'e of a shunt motor pro- 
\'icled that we know the armature resistance cjid the speed at 
some one value of armature current. 

Consider then that ive hnow the :alues cf artnature and field 
currents and spec:! ivhen the fnotor is running free, with rated volt- 
age applied to bo'Ji cr mature and field. From the name-plate of 
the motor we can find what the manufacturer intended the full 
load armature current should be. From this full-load value 
of the armature current, we can calculate the value of the full 
load C.E.M.F. and by proportion obtain the full load speed 
of the machine, using the relation 

C.E.M.F. at no load : C.E.M.F. at full load = 

Speed at no load : Speed at full load 

The full load speed will of course be lower than the no load speed. 
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Knowing the full load armature current we also know the 
complete power input, that being the sum of the armatiu'e and 
field currents multiplied by the terminal E.M.F. As we know 
the value of armatiu'e and field resistances, we can readily deter- 
mine what the armature and field copper losses will be. So that 
the only other losses that .so far we do not know, are the stray 
power losses. 

When a motor is operating at no load, that is, running free, 
the entire input is used in overcoming losses in the machine itself. 
If the known copper losses be subtracted from the input, we 
have left the stray power loss at no load, at a particular speed 
and the rated value of field current. Similarly we could determine 
the stray power loss at any other speed and field current. 

Suppose we knew the full load speed of the machine and were 
to operate the motor with no load upon it, at this value (which 
is of course lower than the no load value) and at rated \'alue of 
field current. We could then calculate the stray power loss of the 
machine, when running at its full load speed and rated field cur- 
rent but with no load upon it. 

The effect of armature reaction, proportional to load current 
and brush position, is to modify somewhat the stray power loss. 
If we neglect this effect, however, it is possible to obtain full 
load stray power or stray power at any fractional load, without 
actually loading the motor. If, e.g., the full load speed is known, 
then full load stray power may be obtained with the machine 
running free by measuring armature input, with normal field and 
sufficient impressed E.M.F. to give full load speed. Stray power 
loss is then obtained by subtracting the armature copper loss 
from the armature input. Then knowing all the losses and the 
total input, we can readily determine the commercial efficiency. 

It is, however, necessary that we consider what effect load 
does have upon the value of the stray power losses. As soon 
as armatiu^ current flows we have armature reaction, the effect 
of which is generally to weaken the main field. This tends to 
raise the speed, of the motor, or in other words the actual speed 
load curve is slightly higher than the predicted curve. As a 



56 



TESTING OF ELECTRICAL MACHINERY 



result of these conditions the value of stray power will be slightly 
different from those determined with no load upon the machine. 
However, the difference is small and inasmuch as stray power 
itself is a small per cent of the total input, the error is negligible. 
The advantages of the method, however, more than coimter- 
balance this, for being a prediction method there is a great saving 
in power. Waste of power is imavoidable in a brake test and 
even at times prohibitive, as the necessary power may not be 
available. Then again the losses are measured by means of 
electrical instruments which are very acciu^te, very much more 
so than the forms of brakes used, which are also difl5cult to operate. 

VWWA/WWVW 




Fig. 26 



The method is therefore preferable in most cases, particularly 
where the division of the losses into separate components is 
desired. 

Before operating the motor to be tested first detemine the 
resistance of the armature circuit for 8 values of cturent between 
a very low value (2 or 3 per cent of rated value) and 150 per 
cent full load current, and plot the values as a curve. 

Connect the motor as in Fig. 26, the source of power being 
preferably a laboratory generator whose terminal voltage is under 
control. With both VRa and VRp both out, operate the motor 
with rated voltage impressed across both field and armature. 
Let the machine operate for about 15 minutes and then measure 
speed and both field and armature currents very carefully. 

Determine the full load armature current of the machine 
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from its name-plate and calculate tl.c C.E.M.F. for 25, 37.5, 
5^f 75> 100, 125, and 150 per cent full load currents. Then 
calculate the C.E3f.F. when running light and with the speed 
there found, determine by proportion the speeds corresponding 
to the armature currents assumed above. 

Then operate the machiae at rated field current and at the 
calculated $peeds and read all meters. A good method of pro- 




HJ>. Output 
Fig. 27 

cedure is to set the value of the supply line a few volts above the 
rated value of the machine. Then insert resistance into the 
field circuit by means of VRf until rated value of field ciurent is 
flowing. Then decrease the speed of the machine to the desired 
value by inserting resistance into the armature circuit by means 
of VRa. 

In the log, as shown in Table VIII, part a is for the operation 
at no load to determine the stray power loss corresponding to 
each load speed. All of the columns in part b are to be cal- 
culated or assmned except column 9, which is taken from p? 
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Curves, Plot the loss curves determined for the machine, as 
shown in Fig. 27; also plot the curves of calculated efficiency 
and speed, using same scale for abscissa as for the loss curves. 
If this experiment is performed on the same machine as was 
pre\'iously tested by brake (Ex. 5), plot the efficiency and speed 
curves obtained by brake on same cur\'e sheet as those obtained 
by this method. 

Conclusions. What is the assumption upon which the stray 
power method of determining the conmiercial efficiency of a 
shimt motor is based? What are the advantages of the method? 
How do the losses vary from no load to full load? WTiy does 
the efficiency at first rise and then fall? How much would the 
full load efficiency as determined in this test be changed, if the no 
load stray power value, operating at rated voltage across the 
armature and field were used, instead of that obtained by 
operating at the calculated full load speed? 



EXPERIMENT Vm. 

Series Motor. In the series motor, the field winding is placed 
in series with the armature and carries the whole armature 
current, and this fact causes its characteristics to be entirely 
diCFerent from those of the shunt motor. 

The equation for the current in a series motor is as follows : 

Et-e 

in which all of the terms are the same as before and Rse is the 
resistance of the series field. 

As in the case of the shunt motor, for the series motor to 
increase its armature ciurent, there must be a decrease in the 
C.E.M.F. In the shunt motor, where, except for armature reaction 
the field flux was constant, this was brought about by a slight 
decrease in speed. In the series motor we have a variable flux, 
for evidently, if the armature current increases, there will be 
an increase in flux. 

It has been shown that for any moior e=K^N^ and that the 
armature current can only increase as a result of a decrease 
in e. The increase in armature current at the same time 
brings about an increase in ^, so that if the C.E.M.F. is to fall, 
there must be a large decrease in speed. In the shunt motor 
the flux is constant and as load increases the speed falls only enough 
to cause a decrease in e. In the series motor, in addition to this, the 
speed must fall enough to counteract the large increase in flux. 
It would appear then from the equation e=K<f>N that inasmuch 
as e only changes a small amount, that the speed load curve of 
" series motor is nearly an equilateral hyperbda. This is not 
e the case, due to the fact that the iron of the field becomes 
rated. When the point is reached where an increase in 

60 



SERIES MOTOR 



61 



armature current causes only a small increase in flux, then the 
speed does not fall as much as before. The speed load cur\e 
of a series motor is shown in Fig. 28. It is evident from the 
curve that the speed changes ver}' materially in going from 
no load to full load. A very dangerous condition is, however, 
reached when there is no load upon the motor, for under these 
conditions the machine takes very little current from the line 



i 



Spe^a LOLd Cur¥e 
of 
Ser/es Motof 



.'mperes 
Fig. 28 



and hence must have a high value of C.E.M.F. This is accom- 
panied by a weak field and hence a dangerously high speed. 
For this reason a series motor is always direct connected 
to its load either by a coupling or through gears or chains, unless 
a speed limit device is attached. In the latter case, if the motor 
speed rises above a certain point it is automatically disconnected 
from the line. 

The torque of any motor may be expressed by the formula 
T=K^Ia and in applying this to the shunt motor we have seen 
that inasmuch as ^ was nearly constant, that T varied almost 
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directly with /«. In the series motor (f) is, however, not constant, 
but varies with la. Starting with light load upon the motor 
we have with an increase of /« an almost equal increase of ^. 
The machine under these conditions is operating upon the straight 
portion of the magnetization curve, so that the torque varies 



Speed, Shunt Motor 




Amperes Armature Current 
Fig. 29 



as I^; at the same time the motor is operating at a high speed. 
As the armature current increases and the saturated portion 
of the magnetization curve is reached, the increase in flux is no 
longer proportional to the current increase, so that finally the 
torque increases directly as the armature current. 

The fact that the series motor exerts its maximum torque 
at stand-stiU, (that being the point where the current is greatest 
for a given armature voltage) constitutes one of its greatest advan- 
tages. In Fig. 29 are given curves of torque and speed plotted 
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against amperes armature current for a shunt and a series motor 
of the same full load rating. The speeds of both motors are the 
same at light loads, but at full load the speed of the series motor 
is very much less than that of the shunt machine. 

Now since horse-power output is proportional to the product 
of torque and speed, i.e., H.P. output =irriV, it follows that 
in the series motor, due to its lower speed, the torque will be 
much greater at full load than that of the shunt motor. To 
exert the same torque a much larger shunt motor would be 
necessary. 

The series motor is thus particularly valuable for work where 




Fig. 30 

a load is to be frequently started and a great starting torque is 
desired, as in traction service, hoists, cranes, etc. When the 
required torque is large the motor operates at a low speed, but 
where a light torque is necessary it operates at a high speed. 

If the impressed voltage of the motor is decreased, the motor 
speed will fall and it will be found that the speed varies almost 
direcdy with the impressed voltage. 

The resistances of the armature and series field are always 
made low for reasons of efficiency. The question of regulation 
is of no importance as the series motor has of itself a widely vary- 
ing speed characteristic. 

(i) Determine the resistance of the armature and series field, 
taking readings up to 150 per cent full load armature current. 

(2) Connect the motor as in Fig. 30, choosing an ammeter and 
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a variable resistance with a capacity of about double the rated 
current of the motor. Start the motor and reduce the voltage 
across the armature to one-half of its rated value. Then start- 
ing with a very small load (no load if possible) take a reading 
of current and speed; then gradually increase the load by means 
of a brake, keeping the voltage constant at half rated value. 
Take eight readings up to 50 per cent overload current. If a 
constant potential line of one-half the rated motor voltage is 
available, it serves the purpose better than the use of a variable 
resistance. Record readings as in Table IX. 

TABLE IX 



E.M.F. 
across 
Motor. 


Current. 


Speed. 


C.E.M.F. 


i 















(3) Impressing full voltage upon the motor, adjust the load 
until the motor takes about 5 of its rated current. Read speed and 
voltage. Then decrease the voltage across the armature by about 
10 per cent and adjust the current to the same value as before by 
means of the brake and take a set of readings. Continue to 
decrease the armature voltage, keeping the armature current con- 
stant until 6 or 8 readings have been taken. 

(4) With rated voltage impressed upon the motor make a 
complete brake test up to 50 per cent overload current. If the 
motor is equipped with a speed limit device, allow the motor to 
run free and determine the speed, current, and voltage, just at the 
instant the speed limit device disconnects the motor from the 
line. If no speed limit device is provided, adjust the brake imtil 
the motor operates at 300 per cent of its rated fuU load speed. 
Do not permit it to rotate faster than this valine. 

Record readings in a form similar to Table VI. 

^urves. — Plot a curve between current and the sum of the 
dd and armature resistances. Upon a second sheet, plot a 
stween speed as ordinate and armature current from the 
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results of run 2, and a curve betw-een speed and impressed voltage 
from the results of run 3. Upon the same sheet, from the readings 
of run 4, plot a speed-current cun-e, a torque-current and an 
efficiency-current curve, the current being plotted as absicssa 
in each case. 

Conclusions. Explain why the speed of a series motor N-aries 
more widely than that of a shunt motor and why a scries motor of 
the same horse-po\^'er rating as a shunt motor, exerts a greater full 
load torque. Why is the series motor better adapted to frequent 
starting of heavy loads than the shunt motor ? Why is the torque 
curve concave upward at the lower end and straight at its upper 
end? What is the efiFect of lowering the terminal voltage of a 
series motor? Why should a series motor never be belt connected 
to its load ? 



EXPERIMENT rX 

Current-Torque Curves of Different Types of Motors. This 
experiment is intended to show the N-alue of the torque exerted 
by different tj-pes of motors with \*arious N-alues of armature and 
field currents, for purposes of comparison^ 

We have seen that when current flo^ through the armatvu-e 
windings of a motor whose fields are excited, there is a torque 
exerted, which tends to rotate the armature. The \'alue of the 
torque depends upon the strength of the field and up<Mi the \'alue 
of the armature current, i.e., T=K<^L 

In the case of the shunt motor we have a constant field ciurent 
and if the flux remains constant we would expect that the torque 
would y2Lry directly as the armature current and that a curve 
expressing their relation, would be a straight line. In this case 
the torque per ampere (i.e., the \-alue of torque di\'ided by the 
current) would be constant. This is, howe\'er, not quite the case, 
inasmuch as armature reaction distorts and reduces the flux so 
that the torque per ampere decreases with the higher \'alues of 
armature current. For the same armature current and a varjdng 
field current, we do not get a straight Une relation imless we are 
operating upon the straight portion of the magnetization curve. 
As the saturated portion of the cunc is reached the torque does 
not increase as rapidly for a given increase of field current. 

If to the shunt motor, a series winding is added and so con- 
nected that its M.M.F. is added to that of the shimt field, we get 
a cumulative compound motor. The shunt field ciurent in this 
case again remains constant and the series field current increases 
being the same as the armature current. The result is an 
increasing flux as the armature current increases, so that the 
torque per ampere is greater than when only a shimt winding is 
yr- ' ^* the machine is very much compounded, that is, if the 

furnish a large percentage of the M.M.F. at full 
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load, the curve between torque and current will be slightly con- 
cave upward. 

In the case of the series motor, we of course l:::vc the same 
current flowing through both field and armature. When oj cr- 
ating upon the straight portion of the magnetization curve, the 
flux is proportional to the current, so that the torque varies as 
the current squared : 

T^Kcjyl^KP. 

Under these conditions the cur\'e between torcjue and current 
is concave upward. As the field approaches saturation the 
cun'e gradually straightens out until at the end it bt^comes straight. 

We are now in a position to compare the behavior of the 
shunt and series motor. Let us assume that we have a shunt 
and a series motor, each of about 5 horse-ix)wer and both having 
the same full load efficiency and therefore about the same full 
load armature current. Let us further assume that the shunt 
motor has a full load speed of about 1200 R. P. M. and that 
the series motor has the same speed at its lightest permissible 
load; the full load speed of the latter would then be about 500 
or 600 R. P. M. The light load speeds of the two motors would 
thus be the same, which fact is shown in Fig. 29. Since output 
is proportional to the product of speed and torque, the torque 
exerted by both motors is about the same at light load. At 
full load, however, the series motor must exert double the torque 
of the shunt motor, as its speed is about half that of the latter. 
It follows that the pole pieces and armature of the scries motor 
must be larger than those of the shunt motor to provide and 
accommodate the extra flux, so that the series motor is jcncral-y 
larger than the equivalent shunt motor. 

This again brings out the great advantage of the series motor, 
namely, that it can exert a much greater torque at higher loads 
Sian the shunt motor for the same value of armature current. 

The compound motor, as we have seen, increases its torque 
somewhat with load, with a greater decrease in speed than the 
shimt motor, but not as much as in the case of the series moto 
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It is very valuable for running certain types of machine tools, as 
punch presses, power shears, etc., which are always provided with 
a heavy flywheel, the energy necessary for the actual operation 
of the tool, that is, say, shearing metal, etc., coming from the energy 
stored in the flywheel. The motor slowing up, immediately 
develops a strong torque and accelerates the flywheel. It is 
evident that the compound motor is able to accelerate the fly- 
wheel and bring it up to speed in a shorter interval of time than the 
shunt motor. There is also the great advantage that a relatively 
small motor is necessary to operate such machines provided with a 
heavy flywheel, since the time the machine is doing work is only 
a small per cent of the time it is running. In the time when the 
machine is running free the motor is able to store energy in the 
flywheel. 

In order to determine the torque exerted by a motor when stand- 
ing still, some form of Prony brake is clamped fast upon its pulley, 
as is shown in Fig. 20. When current flows through the armature 
and fields, let us suppose that the torque is so exerted as to tend 
to revolve the armature in a clockwise direction. If the brake 
arm be slowly moved upward against the torque of the motor, 
we are then, first, lifting the brake; second, overcoming the fric- 
tion of the bearings; and third, overcoming the torque of the motor. 
This can be written as an equation as follows: 

where TFup=the reading upon the spring balance when the 

brake moves the pulley against the torque of the 
armature; 

7"= torque exerted by armature; 

!£;= torque due to weight of braic.; 

/= torque due to bearing friction; 

i = length of brake arm. 

Where the brake is allowed to descend, the motor torque and 
eight of the brake overcome the friction so that 
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adding the two equations we have 



>, 



which eliminates friction. To determine u', the weight of the 
brake, open the current in both armature and field and slowly 
raise and lower the brake, taking readings on the spring balance. 
The average of these two readings gives the pull due lo gravity 
of the brake arm itself, which we have called u\ 

The compound motor to be used should be connected as in 
Fig. 31, the shunt field being separately excited by the potcn- 
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tiometer method and the series winding open. The machine 
is thus in reality a shunt motor. By means of the variable 
resistance, set the value of shunt field current a trifle lower than 
one-half its rated value and then vary the armature current from 
zero up to 150 per cent full load value in about 8 steps, by vary- 
ing the number of lamps burning in the lamp board, taking 
torque and current readings as previously noted. Keep the 
shunt field current constant throughout. Then raise the shunt 
field current to a value double that used in the first run and pro- 
ceed as before. For a third run, set the armature current at 
its full load value and keep it constant. Then vary the shunt 
field current from zero to its rated value. Take readings as 
before. For a fourth run connect the series field in series with 
the armature as in Fig. 32, making the machine a cumulative 
compound motor. Vary thj current through series field and 
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armature as before with the shunt field current as in second 
run. Talcs the same readings as before. 

To determine the curves for the series motor it is preferable 
to use a machine of the same voltage and H.P. output as the com- 
pound motor already tested, in order that proper comparisons can 
be made. Pass the same current through both armature and field 
as shown in Fig, 33. 




Curves. — For runs i, 2, 4, and 5 plot ciuves between armature 
current as abscissa and torque and torque per ampere armature 
current as ordinates. For run 3 use field current as abscissa. 
Plot corresponding curves 
on the same sheet of cross- 
section paper. 

Conclusions. Why are 
the current-torque curves 
for the shunt motorstraight 
lines? Why is it concave 
upward at the start for the 
series motor? \Vhy does 
torque per ampere decrease 
in the shunt motor and not 
on the compound and series motors? From the data obtained 
compare the action of the three types of motors. In run 4, 
what tests can be made to determine whether the series field 
is properly connected to make the machine a cumulative com- 
■'nd motor? 




Fro. 33 



EXPERIMENT X 

Parallel Operation of Shunt Generators. In many lighting 
and power systems the load which the station is recjuired to carry 
is much greater than the capacity of the largest direct current 
generator which is manufactured. It therefore becomes neces- 
sary to operate several generators on the same feeder system to 
supply the load. Even when the load could be carried by one 
large unit, it is many times preferable to install two or more 
smaller units to carry the load, because of the increased security 
against possible accident. If the load is all carried by one machine 
and even a minor accident happens to this machine, the station 
is obliged to shut down for repairs. If two or more machines 
are used to supply load, one of them may be shut clown for 
repairs and the others, overloaded perhaps for a short time, will 
satisfactorily supply the station load. Besides, it is more efficient 
to operate a small machine at full load than a larger one at light 
load. 

There are two possible schemes for connecting D.C. machines 
together so that they supply power to a common bus, in series or 
in parallel. 

If they are connected in series, the voltage of the line depends 
upon how many machines are operating; while this type of ser- 
vice has been used for very special purposes, it is not feasible to 
use such a system for the ordinary purposes of furnishing current 
for light and motors. For such purposes a constant potential 
system is required and obviously a number of D.C. machines 
operating in series, their number depending upon the load, could 
not satisfy this requirement. Also the possible current output 
of such a series system is the rating of the smallest machine 

used. 
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If, however, several machines, each of the vdtage required by 
the system, are operated in parallel in the same system, the latter 
will be essentially a constant potential (me and the possible cur- 
rent output of the stati(Hi depends only upon how many machines 
are connected to the system. The current capadt}' of the station 
is equal to the combined capacit}' of all the machines connected 
to the buses. 

Although shunt wound generators are not used very much for 
station work, compoimd wound generators serving the purpose 
so much better, it is necessar}- to e^oimine the parallel opera- 
lion of shimt generators, so that the more difikrult case of compound 
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^generators may be understood. (The operation of compoimd 
generators in parallel will be considered in the next experiment.) 

The analysis of the question may be most easily made by sup- 
posing first that one machine (say No. i) is already connected to a 
load, and that whatever manipulation is carried out with the second 
machine (No. 2), the bus-bar voltage will be assimied constant. 
This latter will not generally be the case, but makes the first 
-analysis simpler. 

Consider the machines connected as in Fig. 34. Generator 
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Xo. I is supplying load and it is desired to connect machine 
Xo. 2 to the bus bars and dinde the load between them. 

Let £= voltage between bus bars; 
£j,= generated voltge of Xo. 2; 
Ra= armature resistance of Xo. 2; 
/2= armature current of Xo. 2. 

Now if the voltage Eg is exactly equal and oj)positc to £, it 
is e\ident that when Po and A'j are closctl no current will flow 
through the armature circuit of Xo. 2. 

We have shown preWously that 

£-£, 

which is also written 

E^E.j^l2R. (17) 

K when the switches Po and A'2 are closttl, £.,= £, it is quite 
e\'ident from the above equation, that no current will flow through 
the armature of machine Xo. 2. But if E^ is not equal to £ then 
current will Qxtk upon closing the switches, the ma^nituik of the 
current being determined by the difference in E^ and £. and the 
direction of the current depending upon whether E,j is gn^itor or 
less than £. If Eg is greater than £, current will flow in the same 
direction as Eg tends to make it flow; i.e., the machine acts as a 
generator. If Eg is less than £ then the line E.M.F. forces cur- 
rent to flow through the armature of X'o. 2 against its generated 
E.M.F. and Xo. 2 acts as a shunt motor, drawing power /r(?m the 
line instead of furnishing power to it. 

If switches N2 and ?2 are closed when Eg is not nearly equal 
and opposite to £, then an excessive current will necessarily flow 
so that the equation may be satisfied. This rush of current dis- 
turbs the line voltage, may blow fuses and circuit breakers and 
even injure the machine. It is always advisable, therefore, to 
have Eg as nearly equal to £ as possible. 

It has been mentioned that Eg must be opposite to £; this 
is sometimes expressed by saying that the machines must be f^^^^ 
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nected in the proper polarity. That this is a very necessary con- 
dition is ahnost self-evident. 

Suppose that Eg were not opposite to E. As soon as switches 
P2 and N2 are closed, both E and Eg would tend to force current 
in the same direction, through the circuit composed of the two 
armatures and the bus-bars. As the resistance of this circuit is 
extremely low, the conditions would be one similar to a dead short 
circuit on each machine. To test for polarity iV2 may be closed 
and a voltmeter of range at least twice the voltage of the machines, 
connected across switch P2. If machine No. 2 is connected with 
proper polarity, the voltmeter reading will be E —Eg; if improperly 
connected, the voltmeter will read E-\-Eg. 

Another way of testing for polarity is to connect a voltmeter 
(one of range equal to machine voltage only is necessar}-) to the 
points aa' and then transfer the voltmeter leads, without inter- 
changing tJiem to the points bb\ If the voltmeter deflects the same 
way in both cases the polarity is correct; if not, the connections 
of machine No. 2 to the bus-bar switches must be reversed or else 
the generator must be forced to build up in the opposite direction. 

The question of division of load between the two machines is 
now to be analyzed. When the bus-bars voltage is supposed con- 
stant and the load current is taken as constant, it is a ver}- simple 
matter to see from Eq. (17) that the current, I2, depends directly 
upon the value of Eg, If Eg is increased while E remains constant 
I2 must increase. The output of machine No. 2 depends directly 
upon the value of its generated voltage. 

If machine No. 2 has been brought up to rated speed, its 
voltage adjusted to be equal to the line voltage and the polarity test 
satisfied, iV2 and P2 may be closed and no current will flow through 
its armature. If now its generated voltage is increased, by 
decreasing the resistance of the shimt field circuit, it will begin 
to deliver current to the line, the amount depending upon how 
much Eg is increased. The division of load between two shunt 
generators is thus always at the command of the operator; by 
proper field adjustment the load may be shifted from one machine 
to the other at will. 
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If the load is once equally divided, the question arises whether 
the division will remain equal as the load varies. This is an impor- 
tant point to investigate, as it is ver}' desirable that after the ma- 
chines are once adjusted for proper load division, the division 
should not change as the load fluctuates. If the load is once 
properly divided (proportionate to the relative capacities of the 
machines) the division will only be automatically maintained if 
the external characteristics of the two machines are coincident 
throughout the range of operation. 
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Suppose the load to be zero and the voltages of the two machines 
adjusted to be equal. The supposed external characteristics 
of the machines are given in Fig. 35. Now as the machines are 
connected to a common bus, their terminal voltages 7nust always be 
equal. But it is seen that if the two machines are to have the same 
voltage with a certain load (/1+/2) that machine No. i must be 
furnishing current /i and machine No. 2 current 1 2. So that from 
this figure it is seen that as the load varies, (field rheostats left 
in fixed position) the division of load will change, the amount 
of change depending upon how far the external characterist 
separate. 
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If the bus-bar voltage is allowed to vary as the load changes the 
division of load between the t>;\'0 machines will change in exactly the 
same manner as shown in the previous analysis, but the effects noted 
will not take place to the same degree. In Eq. (17) E will generally 
decrease as load is increased and this will tend to make machine 
No. 2 take more load for a given Eg than if E remained constant. 

Connect the shunt generators to be operated in parallel as in 
Fig. 34. Attach one of the machines to the bus-bars and load it 
with lamps. Then bring the second machine up to speed, build up 
its voltage to that of the bars, and having made certain that the 
terminals of the machine will be property connected as regards 
polarity, close the line switches. Strengthen the field of the incom- 
ing machine imtil it takes half of *the load and then weaken the 
field of the first machine until it is supplying no current. Then 
further weaken the field of the first machine imtil it operates as a 
motor. This fact will be indicated by the armature ammeter 
reversing. Note that the shimt field current continues to flow in 
the same direction. Then bring the current in the first machine 
to zero and disconnect it from the bars. Continue this procedure 
until sufficient practice has been had, in putting machines on and 
off the bars and in throwing the load back and forth. 

(a). Bring both generators in parallel upon the bars at rated 
voltage with no armature current in either machine. Then add 
load in equal steps up to the full load value of each machine, keep- 
ing it equally divided between the two machines, voltage constant 
at rated value and speeds constant. Read all meters, recording 
readings in a log as in table X. 

ib) . Starting as before with rated voltage and no load upon either 
machine, add load to the system but allow the total current to 
divide between the machines as it will. Permit the voltage to 
vary, but keep speeds constant at rated value. 

After run b, with about half load on each machine, investigate 
the effect of shifting the bnishes of one machine forward and 
backward. Be careful not to shift too far if the machines are 
equipped with commutating poles. 

Curves, Upon one sheet of cross-section paper plot three 
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curves (one for run a and two for run b) , between terminal E.M.Ft's 
(ordinate) and individual external currents. Also plot four 
curves (two for each run) between shunt field currents (ordinates) 
and individual external currents. 

Conclusions. What precautions must be taken in connecting 
shimt generators for parallel operation? Why, if left without 
adjustment, do the machines not divide the load in proportion 
to their rated outputs? Why is the parallel operation of shunt 
generators rather impractical from a commercial standpoint^ 
Explain the form of the curves obtained. Explain the effects of 
shifting the brushes of one of two shunt generators operating in 
parallel. 



EXPERIMENT XI 

Parallel Operation of Compound Generators. The parallel 
operation of compound generators is In many respects similar to 
the opeTati(Hi of shunt generators; there are, however, a few udded 
precautions to be noted before they may be connected to the same 
bus-bars. 

In Fig. 36 are shown the connections of two compound gen- 
erators intended for parallel operation. Let us again consider 




Fig. 36 



No. t machine as connected to a load and that whatever manipula- 
tion is carried out with generator \o. 2, the bus-bar voltage will 
again be considered constant. Let us also for the time being, 
suppose that the connection Ci e^ is not present. It is now desired 
to connect machine No. 2 to the same bus-bars, in order to have it 
share the load. The same precautions as to polarity and voltage 
must also apply in this case as in the operation of shunt generators 
except that if the second generator comes in with its polarity 
opposite to that of the bus-bars, its residual magnetism must be 
reversed so that it will build up with the proper polarity. Revers- 
ing the machine connections at the bus-bars will result in a 
short circuit when the equalizer switches are closed and reversing 
the armature connections alone will make the machine act as 
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a differential generator. Accordingly let us bring up the voltage 
of generator No. 2 to the same value as that of the bus-bars and 
close the switches iV2 and P2. The generator may then be 
made to assiune load as before by strengthening its field. 

The machines are, however, now operating under a condition 
of unstable equilibrium. Let us suppose that the speed of 
No. I machine were momentarily raised and its generated voltage 
thereby raised for an instant. This would immediately mean that 
it would take a slightly greater load, depriving No. 2 of some. 
The additional current flowing through the series field of the first 
machine would cause its generated voltage to rise still higher 
while that of No. 2 would be decreased. This action is likely 
to continue until No. i is supplying all of the load and No. 2 
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none of it, and it is also likely that the generated voltage of No. 2 
would drop below the voltage of the buses so that the latter would 
take current from the bus-bars and operate as a motor. This 
follows as before if we consider the equation E=Eg—IR, 

We have seen that in the case of shunt generators in parallel, 
no danger would result if one machine operated as a motor. In 
the case of compound generators this action, with the conditions 
as assumed, is really dangerous. In Fig. 37 are shown tw^o com- 
pound generators operating in parallel, both acting as generators. 
The current through the armature and series field flows from the 
negative to the positive bus as indicated by the long arrows, while 
the shunt field currents flow from the positive to the negative 

--inals of the machine as indicated by the short arrows. As 
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the machines are compound wound generators, the M.M.F/s of 
the shimt and series fields are added and the arrows point 
in the same direction to indicate this fact. AVhen Xo. 2 machine 
operates as a motor (Fig. ^8), the current in its armature and 
series field reverses flowing from the positive to the negative bus. 
The current through Its shunt field, however, does not reverse 
but flows as before, so that the M.M..F.'s of the two fields are 
opposed, which results in the net flux of the machine being 
reduced. 

This in turn results in two things. First, a machine whose 
field is weakened tends to increase its speed; this is somewhat 
difficult in this case, since the machine then tends to drive its prime 
mover, and it is generally unable to accelerate it vcr}* much. The 
second result of the weakened field, is an actual decrease in gene- 
rated E.M.F. or what it really is, since the machine is operating as 
a motor, a decreasedC.E.M.F. This is due to the fact that the 
machine cannot raise its speed fast enough, and, besides, the action 
is cumulative. For if the C.E.M.F. is slightly decreased, more 
current flows through the series field and armature, which makes the 
series field stronger and the net flux weaker. Thus the more 
current the machine takes the more its field is weakened and so 
on. This goes on so rapidly that the speed has no chance to catch 
up and keep the C.E.M.F. up to the required value, the net 
result being that No. 2 forms a short circuit for No. i, blowing 
fuses and circuit breakers and disturbing the system. Often the 
inrush current into No. 2 will be so great as to cause the series 
field to "become so strong that it overpowers the shunt field and 
actually reverses the polarity of the residual magnetism of the 
machine. 

To prevent this action and make the parallel operatio: of 
compound generators stable, a connection 6162, termed the 
** equalizing " bus-bar, is employed, and it will be noticed that it 
joins the machines between their armatures and series fields. 
This connection prevents the reversal of the current through the 
series field of the machine operating as a motor, which is readily 
seen if we suppose switches £1 and £2 closed and machine No 
operating as a motor. Its armature current then flows from 
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positive bus, but when it arrives at the point x it has a choice of 
either passing on through the series field of No. 2 along the negative 
bus and through the series field of No. i, or flowing directly 
along the equalizer connection. As this latter is always of ver}- 
low resistance, the current will take this path. Machine No. 2 
is thus in reality operating as a shunt motor, which we have seen 
is not accompanied by any dangerous conditions. 

As the equalizer is of very low resistance, the IR drop of the 
two series fields must under all conditions be equal. If the load 
of No. I increases, the 72? drop of series field No. i tends to increase, 
but this can only increase if a corresponding increase in the drop 
of scries field No. 2 takes place and this means more current 
throu£;h the scries field of No. 2. If, therefore, No. i tends to 
increase its load and so raise its voltage, No. 2 will also raise its 
voltage due to the action of the increased current through its 
series field, which flows through the equalizer connection from No. 
I. The division of the load between the two machines thus tends 
to remain more or less constant. It follows from the above that the 
resistances of the two series fields must be inversely proporlional 
to the full load current outputs of the two machines, for if this is 
not so, the series field currents would not be of their proper values 
when the armature currents are correct. It is also necessary 
that the two machines have the same characteristics, that is, each 
must have the same degree of compounding when running 
separately. If they differ in this respect, the machines will not 
share the load equally. 

The sequence of closing switches when putting machines 
upon the bus-bars is also very important. Again consider machine 
No. I supplying current to a load. When it becomes necessary 
to parallel No. 2, we might first bring it up to the bus voltage by 
shunt field regulation and then close £2 and N2. Current would 
then flow through the series field of No. 2, and raise its generated 
voltage somewhat above that of the bus-bars. This would require 
further shunt field regulation, so that it is better to first close switches 
iV2 and E2 and then when the machine has been brought up to 
the bus-bar voltage by shunt field regulation, P2 can be closed. 
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Switch P2 niust never be closed unless the machine is up to voltage 
and must always be the last one thrown in. 

Load is then put upon the machine by strengthening its shunt 
field. To remove No. 2 machine from the bus-bars, first reduce 
its armature current to zero by means of shunt field regulation 
and then open switch P2 and then N2 and £2. Always open P2 
first. The prime mover of No. 2 can then be stopped and the 
machine shut down. 

Operate the machines with the equalizer in, as was done in 
Ex. 10, bringing a machine upon the bus-bars, transferring the 
load from one machine to another and removing one machine. 
Also cause one machine to operate as a motor and note results. 

Make two tests, taking about tT\xlve readings in each run, 
including a no-load setting, and recording readings in a log as in 
Table XI. 

(a) Start with the machines in parallel, but with no load upon 
either and gradually increase the load up to rated value, keeping 
system E.M.F., and speed constant at rated value and current 
equally divided between the two machines. 

(b) Start as before and add load and keep only speeds constant. 
Allow terminal E.M.F. to vaxy and the load to divide as it will. 

After run (b) with half load on each machine, note the eflfect 
of shifting brushes. Do not shift too far, if the machines are 
equipped with commutating poles. 

Curves. Plot three curves (one for run a and two for run b) be- 
tween system E.M.F. (ordinates) and individual external currents. 
Upon the same sheet of cross-section plot four curves (two for each 
run) between shunt field currents and individual external current. 

Conclusions. — Explain what is likely to happen if compound 
generators are operated without an equalizer connection. What 
are the functions of the equalizer connection and how does it carry 
them out? What is the proper sequence of closing switches and 
why is this sequence absolutely necessary? Is the parallel opera- 
tion of compound generators entirely satisfactory? If, with the 
generators connected as in Fig. 36, test shows that the polarity 
of the incoming machine is opposite to that of the bus-bars, 
what must be done? 



EXPERIMENT XII 

Commutating Pole Motor and Generator. In motors and 
generators not equipped with commutating poles, commutation 
is improved by brush shifting. As a coil on the armature is 
commutated, its current must reverse, or die down to zero 
and build up in the reverse direction. In order that there 
shall be no sparking the rate of change of the current must be 
such that the current has built up to its final value when the 
brush and commutator bar separate. However, due to the fact 
that the coil being commutated possesses some self-induction, 
the changing current generates a counter E.M.F. which opposes 
the change. As a result the current may not have built up to its 
final value when brush and bar part company and a spark is 
formed. 

If during conunutation, while the changing current generates 
a counter E.M.F. of self-induction, the coil can be made to cut 
flux and generate a voltage equal and opposite to the C.E.M.F. 
of self-induction, conunutation will be satisfactory. This, as 
was noted, is accomplished by moving the brushes. Since the 
direction of the E.M.F. required to overcome the C.E.M.F. 
of self-induction must be in the same direction as that of the final 
current, it follows that the brushes must be shifted forward in 
the generator and backward in the motor. 

To express the conditions just stated we may write 

i^.N%: ... (.8) 

where L = coefficient of self-induction of the coil being commu- 
tated; 
I = armature current per coil ; 
<^c=flux cut by short-circuited coil under pole tip; 
/=time of commutation; 
iV^=nimiber of turns in the coil. 
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Evidently as the load on the machine varies, the current / 
will change and therefore the value of the left-hand term of the 
expression. In order to maintain equality and hence good com- 
mutation, the value of flux <t)c, which the coil cuts must be 
changed, and as this depends upon the position of the brushes, 
there is a different position of the brushes for each load. In 
small motors this is not attempted, the brushes being set to that 
position which gives the best average commutation. The limi- 
tation of the method on overloads is the fact that armature 
reaction causes distortion of the flux and weakening the very 
pole tip toward which the brushes are shifted and imder which 
the commutating flux is sought. This limitation was particularly 
noted in Exp. V., when the method of raising the speed of a 
shunt motor by field weakening was investigated. As the field 
flux is reduced, armature reaction, which is the effect of armature 
M.M.F. on field M.M.F., is able to cause greater distortion than 
when the field is normal. 

By the use of commutating poles the same result is obtained. 
While the method of shifting brushes moves the short-circuited 
coil to the necessary commutating flux, the commutating pole 
brings the flux to the coil. From Eq. (i8) it is evident that, to 
perform its function, the flux from the commutating pole must 
always be proportional to the armature current, and for this 
reason the commutating pole is excited by putting its winding 
in series with the armature. It is also so designed that up to 
fair overload it will not become saturated. 

It should be noted that whereas the commutating pole 
neutralizes the M.M.F. of the armature in the immediate region 
where its flux enters and leaves the armature, complete neu- 
tralization of the armature M.M.F. is not possible by the use 
of commutating poles, inasmuch as the space distribution of the 
armature and commutating pole M.M.Fs. are entirely different. 

In Fig. 39 is shown the flux distribution in a commutating 

pole machine for a given load. As the amount of flux from the 

commutating poles is proportional to the load, the flux distribu- 

on throughout the machine will be different for each load. It 
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may be seen that the commutating poles do not prevent the flus 
from crowding into the main pole tips. This does practically 
no harm; the principal thing to obtain is the proper field for 
commutation in the turns short- 
circuited, which, for normal opera- 
tion, should be directly under the 
conmiutating poles. 

In Fig. 40 the armature of a com- 
mutating pole generator is shown 
with the brushes in the proper posi- 
tion. Under the main and commu- 
tating poles voltages are generated 
in the various conductors, being 
indicated by dots and crosses inside the conductors. The 
currents the conductors are carrying under load are indicated 
by dots and crosses outside. A dot indicates a voltage or 
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Fk;. 41 



current toward the observer. It is customary to make the 
width of the commutating poles slightly greater than the dis- 
tance moved over by a slot while the coils in it are undergoing 
conmiutation. Even if voltages are induced under the com- 
mutating poles by conductors before and after they are short- 
circuited by the brushes, their effects neutralize. Whatever 
voltage is induced under a north commutating pole on «• 
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side of the line of brushes a,a', is equal and opposite to that 
induced under the south commutating pole. 

If now the brushes are shifted backward in the generator, 
as indicated in Fig. 41, the effect is to cause a certain amount of 
compounding. One way of regarding it is that on the same side 
of the brush line there is a series field pole of the same polarity 
as the main pole. As load increases, the conmiutating pole is 
strengthened and the voltage tends to rise. A better way of 
considering the action is that the voltages induced under the 
commutating poles, are now no longer used to oppose the 
C.E.M.Fs. of self-induction in the short-circuited coil since 
shifting the brushes has moved this coil out from under the 
commutating pole. The voltages are then added to those 
induced under the main poles, causing more or less compounding 
depending on how far the short-circuited turn has been moved. 
Only a very slight forward shift of the brushes will change the 
amount of compounding of a generator to a considerable degree. 
The function of the commutating poles being to improve com- 
mutation brush shifting is never relied upon to effect com- 
pounding, for it is evident that if the brushes are shifted from the 
neutral point, commutation will suffer. 

For a forward shift of the brushes the reverse takes place, 
for the voltages induced under the commutating poles will now 
be opposite to those induced under the main poles on the same 
side of the brush line and the voltage of the generator will fall 
off rapidly with load. 

In commutating pole motors, shifting brushes aflfects the 
speed. In Figs. 42 and 43 are shown the armature of a shunt 
motor in which the direction of the C.E.M.Fs. is indicated by 
dots and crosses inside the conductors and the direction of the 
currents by dots and crosses outside. Whatever voltages are 
generated under the commutating poles when the brushes are 
shifted, will be added or subtracted from the C.E.M.Fs. gen- 

'ted under the main poles. In Fig. 42 the brushes are shifted 
ard, so that as load is added, more conductors generating 
M.F.. the speed will fall more than that determined by the 
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i^jequired IR drop. In other words, the machine has the speed 
characteristic of a compound motor. We may also regard the 
action as in the generator, as the addition of a series field on the 
same side of the brush line, the flux increasing with load. Cr we 
may consider that the effective number of armature conductors 
has been increased (page 57). 
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With a backward shift of the brushes (Tig. 43) a shunt motor 
will have the speed characteristic of a diflferential motor, the 
speed remaining nearly constant or even increasing with load. 
With any but a slight shift backward, particularly with weak 
fields, the motor is in a state of unstable equilibrium. If a 
sudden surge of armature current occurs, the effects of the 
commutating poles will cause considerable reduction of the 
C.E.M.F. which will cause further increase in the armature 
current. Meanwhile the speed will rapidly increase and the 
machine is apt to run away. The behavior under these condi- 
tions is analogous to the operation of compound generators 
in parallel without any equalizer connection. 

It is therefore inadvisable to shift the brusJies of comniMtatmg 
pole motors. Commutation will be impaired and if differential 
or compound speed characteristics are desired, it is better to 
obtain them by using series fields. Furthermore in the case of 
motors which are operated in either direction of rotation, if the 



90 TESTING OF ELECTRICAL MACHINERY 

brushes are not on the neutral point, the motors will have a dif- 
ferent speed in one direction than in the other for the same load. 
In fact this is one method of determining the proper position 
for the brushes. 

The use of commutating poles also makes possible the varia- 
tion of the speed of a shunt motor through wide Umits by field 
weakening. In the shunt motor without conmiutating poles, it 
was pointed out (page 36) that the practical limit to weakening 
the field is imposed by sparking at the brushes, due to the fact 
that with the weakened field, armature reaction is able to distort 
the field to such an extent that there is no comcmutating flux. 
We saw in Eq. (18) that so long as the conmiutating flux (<#fc), 
supplied now by the commutating poles, is proportional to the 
armature current, commutation will remain satisfactory. It 
was also stated that even though the main flux is distorted by 
the use of commutating poles, no great practical harm results. 
So as the speed is varied by field weakening, commutation will 
still remain good, for while the C.E.M.F. of self-induction 
increases as the time of comcmutation is reduced, the rate of 
cutting of the commutating flux is also increased by the higher 
speed. 

There results the "adjustable speed'* shunt motor, in which 
the speed is adjusted by shunt field current variation, the 
motor once adjusted having the speed characteristic of an 
ordinary shunt machine with variation of load. Adjustable 
speed motors are built for ranges of speed of from 2 to i to as 
high as 6 to I. In a 4 to i speed motor the highest speed per- 
missible is four times the lowest value. Such motors are usually 
provided with special starting rheostats which are a combination 
of an ordinary starting rheostat and a field rheostat. 

A type of starting rheostat for an adjustable speed motor is 
shown in Fig. 44. A peg 5, inserted into a flat metal disc Z), 
is forced by the tension of a spiral spring at the pivot P, up 
against the main arm C, which in turn is forced up against the 
spring stop S. When arm C is grasped by the handle H and 
■^oved upward to the right, it pushes against peg 5, forcing the 
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disc D axound. When arm C approaches the end of its travel, 
peg B comes up against a latch L rigidly attached to arm E 
which is pivoted at V, As B continues to move, it pushes arm E 
around so that it rotates in a counter-clockwise direction until 
the keeper T comes up against the no-voltage release /?, which 
when excited holds the keeper T. While arm E rotated, the 
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Fig. 44 



finger of latch L swung around so as to grasp peg 5, so that the 
no-voltage release also holds the disc D in position. Tension is 
now removed from arm C and it can be moved back and forth 
over the outer series of resistance buttons at will, remaining 
wherever left. Whenever the no- voltage release lets go, spring 
tension at pivot V and also at P, force arm E and the disc to 
rotate clockwise and counter-clockwise, respectively. In the 
course of its travel peg B strikes arm C, forcing it up a 
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stop 5. At the same time a second peg W comes up 
against the under side of latch L, forcing arm E against its 
stop S\ 

Wlien the main switch is closed the shunt field circuit is made, 
current flowing in at terminal J/, to pivot P. pivot V. over arm 
E to button G. button Q^ tominal F, through the field and back 
to the line. If arm C is now mo\-ed up to make contact with 
button U. current flows from pivot P to button V through the 
starting resistance to button K^ to button / to terminal A' 
and through the armature. The motor ha\Tiig full field strength 
starts to rotate. As the arm continues upward, more and more 
of the starting resistance is cut out. When ann C pushes arm E 
around, it will be seen that E is nowmaking contact with button / 
instead of G. The armature curr«it will now flow frcHn P to T', 
o\'er arm £ to J. the starting resistance being th^eby short- 
circuited. Field current now l3ows over arm C to button. Q 
and as arm C is moved backward o\'er the outer seiies of buttons, 
more resistance is inserted into the field. 

If the experiment is to be performed on a compound gene- 
rates, determine its compound characterbtic with its brushes 
in the i>roper position and also for a forward and a backward 
shift of the brushes. Also determine the external characteristic 
as a shunt generator with the brushes in the jMx^ier position 
and also with them shifted backwards. It is advisaUe that the 
amount of brush shift be determined bv an instructor. 

When performing the experiment on an adjiKtable speed 
motor. c^>erate it with the commutating field pn^)eTly connected 
and also with it reA-ersed. Do thb at a fairiy high ^)eed with 
about full load. With the commutating field correcth* con- 
nected and the brushes properly set. make a brake test at the 
lowest speed for which the machine b int^aded. takii^ all data 
necessary to obtain its ^>eed load characteristk: and efficiency'. 
Repeat in a second run starting at an intennecSate speed and 
m a third nm at the hj^iest ^)eed permisstbfe. Have the 

vkcs dttfted fonrard by an iii^tructot and make a fovnth run 
«l Ae same intennediate speed used in nm 2. Have 
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the brushes shifted backward by an instructor and make a fifth 
run starting again as in run 2. 

Caution. Because of the possible danger that the machine 
may run away, it is advisable that each member of the squad 
knows how to quickly and conveniently shut the machine down 
if it starts to run away. 

Curves. Plot on one sheet, curves of efficiency, speed and 
torque against horse-power output from the results of runs 
I, 2 and 3. On a second sheet plot curves between speed and 
H.P. output from the results of runs 3, 4 and 5. 

Conclusions. Explain how commutating poles improve 
commutation. What happens if the commutating pole winding 
is incorrectly connected? What is the result of shifting brushes 
in commutating pole machines? Why is it inadvisable to move 
the brushes of such machines from the proper neutral position? 
Can machines be designed to operate successfully with only half 
as many conmiutating poles as main poles? If in the parallel 
operation of geQerators equipped with commutating poles, one 
machine operates as a motor, is its commutating field properly 
connected for motor operation? Why? For what types of 
service are adjustable speed motors adapted? 



EXPERIilEXT Xm 

Locatioa of Faults in a Direct Cnrrent Motor or Generator. 

The location of the following faults in direct current motors and 
generators are to be investigated : 

a. Open turn in armature. 

b. Short-circuited turn in armature. 

c. Ground in field windings. 

d. Ground in annature winding. 

a. Open Circuit in Armature. Conunercial armature wind- 
ings so far as commutator connections are concerned, are of two 
types. In large machines, separate conunutator risers are em- 
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ployed which are tapped into the winding at the outer periphery 
of the armature as in Fig. 45. In smaller machines the ends 
of the coils themselves are carried down into the commutator 
bars as in Fig. 46. In the first type of winditig there are three 
ways in which the windings may open up. The commutator 
riser only may break as in ^, a break may occur which both 
opens the winding proper and completely disconnects it from 
the riser as in B, or only the winding may open up, say at the 
back of the armature, as in C. 

Break A will show no decided symptoms, if the brushes are 
wide enough to cover more than one commutator bar and the 
end of the broken commutator riser attached to the winding 



LOCATION OF FAULTS IN A DIRECT-CLTIRENT MOTOR 95 

does not make contact with the risers on either side. If it does, 

a short-circuited turn results which will be treated later. If the 

brush does not cover more than one commutator bar, sparking 

will result, for it is evident that when the brush is entirely on 

bar 2 no current can pass to the winding. A moment before while 

the brush was still touching bar 3 (supposing the amiaturc as 

moving from left to right), current was flowing, and this current 

is broken when the brush leaves bar 3. A pronounced arc occurs, 

due to the self-induction of the armature winding, which causes 

blackening and pitting of bar 3. In both cases B and C sparking 

will result. When in a bi-polar machine the break in the winding 

is between brushes, current flows around the other armature 

circuit, and when the break passes under a brush and is thus 

transferred to the other side of the armature a spark results, 

due to the breaking of the current and the self-induction of the 

winding. The spark will only occur when brush and bar 6 

(case B) separate, causing this bar to blacken and pit. 

In generators sparking and failure to generate are the im- 
portant symptoms. In motors besides sparking there will also 
be foimd absence of proper starting torque under load or a 
tendency to turn over in a jerky manner. 

A very simple method of locating an open armature coil is 
to connect several dry cells across the brushes. A voltmeter 
with a range somewhat greater than the open-circuit voltage of 
the cells is then successively touched to adjoining commutator 
bars. When touched to bars on the side of the armature, where 
the winding is not open, the voltmeter reading will be quite 
small, but on the side where the winding is open, the entire volt- 
age of the cells will be found across the bars between which the 
break occurs. 

The remedy for an open coil is to find it and close it by splicing 
in a piece of suitable wire. It is better, if time will allow, to put 
in an entirely new coil. Temporary repairs, however, can be 
made at the commutator by electrically connecting commutator 
bars 4, 5, and 6 (case B, Fig. 45), by soldering or screwing on a 
copper strap. Case C is repaired by joining bars 7 and 8. 
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The latter method of making a machine operative should only 
be used where it is absolutely necessary to keep it in operation, 
Proper repairs should be made at the first opportunity. Care 
must, however, be taken, not to short-circuit any of the other 
coils. 

b. Short-circuited Coil, In both motors and generators a 
short-circuited armature coil will, as it rotates, cut the field 
flux and therefore generate voltage, which will cause a current 
to circulate in the coil. This current will prove excessive and 
if left flowing for any length of time will heat up and finally 
bum out the coil, the heated insulation giving out a bad odor. 
Due to the power expended in heating the coil a motor will draw 
a larger current and a generator require more driving power 
than usual. 

A short-circuited coil is often easily located by feeling the 
armature all over, particularly at the back, after operating one 
or two minutes and noting the hottest coil. It may also be 
located at the commutator by the method given above for de- 
tecting an open coil, using dry cells and a voltmeter. It is evi- 
dent that the resistance of a short-circuited coil is less than the 
resistance of a normal coil, so that the reading of the voltmetei 
across the commutator bars to which the short-circuited coil is 
attached will be very small. 

To repair a short-circuit in an armature, first see whether 
the trouble is due to solder or copper dust between conmiutator 
bars or risers, in which case remove it. If the difficulty is in 
the coil itself, the best practice is to put in a new one. Tem- 
porary repairs may be made by opening the coil within the short- 
circuited portion and then bridging the commutator as for an 
open coil. 

c and d. Grounds. A ground in a machine is defined as an 
electrical connection between the windings and the iron portion 
of the machine, that is, the frame, armature laminations, etc. 
They are due to worn or damaged insulation, so that the copper 
wires or conductors come in contact with the iron of the machine. 
It is evident that a groui.d may also be of high or low resistance. 
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depending on how good the contact is between the windings and 
the iron. 

If a machine is grounded it is essential that the ground be 
removed by finding it and repairing the worn or damaged insu- 
lation. While the machine is grounded, danger to the attend- 
ants exists, due to the liability of shocks, and if the system is 
grounded elsewhere, local heating with the attendant loss of 
power due to stray currents may result. 

Tests for Grounds, In general, to tell whether a machine is 
grounded, a very simple test can be made. A voltmeter or an 
incandescent lamp is placed in series with a source of E.M.F. 
and the free ends applied, one to the frame or shaft of the machine 
and the other to one of the armature or field terminals. If the 
voltmeter deflects appreciably or the lamp lights up, a ground 
exists. The magnitude of the voltmeter deflection and the 
degree to which the lamp lights up will be an indication of the 
resistance of the ground circuit, for the greater the voltmeter 
deflection and the brighter the lamp, the less the resistance of 
the groimd circuit. 

This test is usually sufficient for field windings, inasmuch 
as grounds can occur only where the field spools touch the iron, 
so that the exact spot can usually be located by examination of 
the spool. 

To locate the exact coil in an armature which is grounded 
the apparatus may be arranged as in Fig. 47. In this figure 
A and B are the brushes which are connected by a buzzer S 
or some other device which makes and breaks the current, 
in series with a battery. T is a telephone receiver, one end of 
which is permanently grounded. G is the ground which is to 
be located. 

If the positive end of the battery is connected to brush A, 
then the latter will be at a higher potential than 5, and since the 
difference in potential between A and B is applied to one-half 
of the winding, it follows that brush A is at higher potential 
than the ground G, and that the latter is similarly at higher 
potential than brush B. In general it is customary to consid^*- 
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the ground as being at zero potential, so that it follows that A 
is above the potential of the ground or at positive potential and 
B is below the ground potential or at negative potential. 

If now the free end of the telephone receiver T is successively 
touched to each commutator bar in the upper half of the armature 
in Fig. 47, it will be silent or nearly so only when touched to 
the particular bars to which the grounded coil is connected. 
When touching any other commutator bar the telephone receiver 
will sound, owing to the pulsating current set up in it by the 
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pulsating difference of potential between the bar touched and 
the ground. 

It will, however, be seen that the same difference of potential 
exists across the lower half of the winding, and since A is above 
and B is below the ground potential, a point will be found in the 
lower half of the winding (Fig. 47) which is at the same potential 
as the ground and at which the telephone will be silent. This 
point is called the phantom ground, Ph. G. Or with the tele- 
phone receiver tapped to bar 16, the difference in potential from 
bar 16 to brush B will be equal and opposite to that from bar 10 
to brush B and the telephone will therefore be silent. 
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Two commutator bars have thus been found at which the 
telephone receiver is silent, one of thc*se being the real and the 
other being the phantom ground. In order to distinguish 
between them, the armature is rotated a few degrees as in Fig. 
48. The real ground must necessarily be found at the same 
place, but the phantom ground will now be located somewhere 
else, since the relative potential of .1 and B with respect to the 
ground is now difTerent. In Fig. 47 the phantom ground is shown 
between bars 16 and 17 and in Fig. 48 between bars i and 24. 

In multipolar machines the procedure is the same, except that 
the armature should be converted to a two-circuit winding. This 
is readily done by slipping pajx^r between all the l^ushes and the 
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commutator and slipping the leads from the battery between 
the paper and the commutator at two diametrically opposite 
sets of brushes. 

Buzzer S may be omitted, in which case the free end of the 
telephone circuit must be tapped on the various bars. Each 
time a contact is made the telephone will sound. A voltmeter 
may also be substituted for the telephone receiver. 
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Method, First test the faulty machine for open armature 
coils by operating it as a motor with its shunt field separately 
excited and its armature in serips with a lamp board. With a 
rather weak field, throw in enough lamps to make the armature 
rotate slowly. If sparking occurs and you consider it due to 
an open coil, locate the bars at which it occurs and verify by using 
the method outlined, using dry cells and a voltmeter. If an open 
coil exists, bridge the proper commutator bars after consulting 
an instructor. Then operate again for one minute, stop and ex- 
amine the armature for a heated coil. Continue several times and 
make certain if a short-circuited turn exists by using the volt- 
meter and dry cells. 

Finally test the fields and armature for groimds by the lamp 
or voltmeter method and if the armature is found to be grounded 
locate the commutator bars at which it exists. 

Do not rip off any canvas covering or insulation in order 
to find just where the fault exists, unless specifically directed. 

Conclusions, Explain what is meant by grounds, open and 
short-circuited armature coils. Give symptoms and remedies 
for them. What specific temporary repairs can be made for 
cases D, E, and F in Fig. 46? Explain why a phantom ground 
exists in Figs. 47 and 48. . 
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EXPERIMENT XIV 

The Direct Current Watt-hour Meter. — In connection with 
the supply and sale of electrical energy, it is necessary to have 
some form of meter which will record the total amount of energy 
used. Whereas power, the rate at which energy is delivered, 
is measured in watts or kilowatts, energy is measured in watt- 
hours or kilowatt-hours, the watt-hour being defined as the 
total or integrated amount of energy supplied in one hour to a 
circuit, in which the steady or average rate at which energy is 
expended is i watt. A kilowatt-hour is then looo watt-hours. 

Watt-hour meters as they are properly called are often 
referred to as "integrating watt-meters." Although the meter 
does integrate the amoimt of energy supplied to a circuit over a 
period of time, the term '* watt-hour '' meter is preferred, as it 
indicates the imit in which the instrument registers. The term 
*' recording watt-meter," as applied to a watt-hour meter is 
incorrect, as this term really indicates a meter which makes a 
continuous record by means of a pen or other device, of the 
instantaneous watts on a sheet of paper, film, etc., the same as a 
recording voltmeter or anmieter. 

A watt-hour meter consists essentially of (i) a small electric 
motor so constructed that its torque is proportional to the power 
taken by the load, (2) a brake system, so designed that the 
opposing torque is proportional to the speed of the rotating 
shaft and (3) a system of gears with numbered dials for registering 
the number of revolutions of the motor shaft. 

When the speed of the rotating shaft is steady the driving 
torque must be just equal to the retarding torque. With the 
driving torque proportional to the power taken by the load and 
the opposing torque of the brake system proportional to the speed 
of rotation of the shaft, the speed of the shaft is proportional to 
the driving torque and hence to the power. Therefore th^ 
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number of revolutions which the shaft makes during any interval 
is proportional to the total energy during this interval, whether 
the power is steady or variable. Or, each revolution of the shaft 
represents a certain number of watt-hours of electrical energy 
having passed through the meter. 

There are two common types of direct current watt-hour 
meters. The more common, invented by Elihu Thompson, has 
for its driving element a motor having fields and an armature 
with a small commutator. The second type employs what is 
known as a merciury motor. 

In the Thompson or ^* commutating'' type of watt-hour 
meter, the fields of its driving motor are placed in series with the 
load and therefore carry the load current. Obviously these will 
. be of very low resistance and as no iron is used in the construction 
of the motor, the flux set up by the field coils is directly pro- 
portional to the load current. The armature is placed directly 
across the line and its current, which is reduced to a very small 
value by the use of a high resistance, is directly proportional 
to the E.M.F. of the supply Kne. Since the torque generated 
by a motor is proportional to the product of field strength and 
armature current, we have in the watt-hour meter, that the 
torque of its motor is proportional to the power passing through 
the meter. 

The total resistance of the armature circuit is about 25cx> 
ohms for no- voltmeters, about 5000 ohms for 220 voltmeters, 
etc. The resistance of the armature itself is about 1200 ohms 
for all voltages, so that about 1300 ohms resistance in series with 
the armature must be provided for no volt watt-hour meters, 
3800 ohms for 220 volt meters, etc. Bearing in mind that no 
iron is employed in the construction of the driving motor, it is 
evident, with such high values of armature resistance and the 
very low values of armature speeds used (25 to 50 R.P.M. 
at full load), that the C.E.M.F. generated in the armature is 
insignificant, the entire voltage impressed being used up as IR 
drop. This can also be shown by test; the armature of a cer- 
tain 5 ampere, no volt watt-hour meter was found to take 
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^'^45 ampere with no volts impressed on its armature circuit 
^M a load current of 5 amperes was passing through its fields. 
When the armature was blocked so that it could not rotate, 
no change in the armature current could be observed on the 
ammeter. 

The loss of power in the potential circuit, from the values of 
resistance given, will be seen to be about 5 watts for no volt- 
meters, 10 watts for 220 voltmeters, etc. The loss of power in 
the current coils is about 5 watts for a 5-ampere meter and 
increases with the current capacity of the meter. 

The brake system of all modern types of watt-hour meters 
consists of a disc of aluminum mounted on the armature spindle. 
One or more permanent magnets are so arranged that the disc 
rotates between their poles. As the disc rotates, eddy currents 
are generated in the disc, producing a "drag on the disc. The 
strength of the eddy currents generated depends directly 
upon the speed of the disc, since the strength of the permanent 
magnets is constant, so that the force between the eddy currents 
and the field of the magnets, and hence the drag on the disc, is 
directly proportional to the speed. 

In Fig. 49 is shown the general form of a direct current watt- 
hour meter of the commutator type. The armature A , made in 
spherical form, is mounted on a vertical steel spindle which is 
supported at the top by a guide bearing and at the bottom by 
either a pivot and jewel, or ball and jewel, bearing. In the first 
type of lower bearing, the spindle terminates in a pivot which is 
supported by a jewel, while in the latter a jewel attached to the 
lower end of the spindle rests on a steel ball which in turn is 
supported by a second jewel. The jewels used are selected 
sapphires and diarronds. The main fields, fixed in position, are 
designated FF and the disc D is shown at the bottom, rotating 
between the poles of the magnets MM, The potential circuit, 
shown in broken lines, starts at terminal x passes successively 
through the compensating field C (taken up later), the armature, 
the fixed resistance R and ends at terminal y. In some meters 
all the necessary re^^-'ztance in series with the armature is con- 
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tained in the compensating field and no extra fixed resistance R 
is necessary. 

It is evident from the preceding description that a certain 
amount of friction, due to the brushes on the commutator, the 
gear train, and the bearings, is present and approximately inde- 
pendent of any variations of the load. Brush friction, which is 
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more or less variable with time, is by far the most important. 
At light loads friction represents a larger percentage of the totaJ 
driving torque than at heavy loads. It is thus desirable that 
the torque exerted by the driving motor be as high as practi- 
cable in order to reduce the percentage of driving torque neces- 
:sary to overcome any change in friction. This resvdts in a 
:so-called '' high torque '' meter. 

In order to reduce friction to a minimum, the commutator 
is made extremely small (about one-tenth inch in diameter) and 
in order that its surface remain smooth it is generally made of 
ilver and the brushes silver-tipped to prevent oxidation. 
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To compensate for friction, all watt-hour meters have a com- 
pensating device, connected across the line so that the excitation 
is independent of the load on the meter. In the direct current 
commutator watt-hour meter, it consists of an auxiliarv field 
coil, capable of being moved toward or away from the armature 
and clamped in the correct position. The strength of the com- 
pensating field is constant, but by varying its position with 
resp)ect to the armature, enough of its flux passes through the 
armature to create a torque which will just balance friction, so 
that the meter is just on the point of starting at no load. Evi- 
dently if the compensating field is too close to the armature, more 
torque than necessary will result and the meter will ** creep'' 
or rotate slowly without any load current through its main 
fields, and for loads below lo per cent, it will register "' fast " or 
too high. 

At higher loads the effect of the compensating field becomes 
more and more negligible compared to the main field and in order 
to control the speed of the disc under such loads, the position of 
the permanent magnets is changed. If they are moved in 
toward the center of the disc, the speed of the disc will increase 
for a given load, in order to maintain the same rate of cutting of 
the flux from the permanent magnets. If the magnets are 
moved out from the center of the disc, the reverse is true. 

Several other factors affect the accuracy of watt-hour meters 
and their permanency of calibration. Variation of voltage will 
slightly affect the strength of the compensating field. Due 
to overloads and short-circuits, the magnetization of the per- 
manents magnets is apt to be diminished, resulting in a fast 
meter. Wear of the bearings, brushes, conmiutator, etc., will 
cause the friction in a meter to change with time and vibration, 
vermin and possible corrosion due to dampness and fumes, are 
apt to interfere with its operation. It therefore becomes advis- 
able to periodically inspect and test meters in order to keep 
them in proper condition. For meters in ordinary service, one or 
two routine tests per year is sufficient. 

All modem watt-hour meters register in kilowatt-hours. 
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smaller sizes this reading is determined directly from the dials, 
while in the larger sizes a ''dial'' constant, usually some multiple 
of ten, must be applied to the dial readiog to get kilowatt-hours. 
Dial constants are always clearly indicated. 

In testing watt-hours the two common methods used are 
either a voltmeter and ammeter or a rotating standard watt- 
hour meter. In the former method a certain amoimt of power 
from a constant source of voltage is passed through the meter 
to be tested for a definite time and the munber of revolutions of 
the meter counted in that time. The power is obtained from 
voltmeter and ammeter readings, the instrimients being con- 
nected as in Fig. 49, and the time is determined by means of a 
stop-watch. 

Since power is equal to watt-seconds per second or watt-hours 
times ^^Ooo divided by seconds, we have that the average power 
as registered by the watt-hour meter is 

p=^^f^, (19) 

where R is the number of revolutions of the disc in / seconds and 
A', the meter " disc ** constant, represents the watt-hours per 
revolution of the meter. In many types of meters, the disc 
constant is marked on the disc itself and usually expressed as 
above in watt-hours per revolution. Sometimes the constant is 
given in watt-seconds per revolution, in which case the term 
3600 in the expression above is not necessary. In some direct 
current watt-hour meters made by the Westinghouse Electric 
and Manufacturing Co., the disc constant, expressed in watt- 
seconds per revolution, is obtained by multiplying the product 
of the rated voltage and current of the meter by 2.4. 

The accuracy of the watt-hour meter under test is then the 
ratio (usually expressed in per cent) of the power as registered 
by the meter to the power as measured by the standard anuneter 
and voltmeter. 

Whenever the load or voltage fluctuations are such as to 
make it difficult to average the ammeter and voltmeter readings 
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or if onlv one tester is available, the ammeter- voltmeter method 
of testing is not used, a portable standard rotating watt-hour 
meter being substituted. In such a standard a finger, rotating 
over a dial, is attached directly to the spindle, the dial being 
readable to o.oi revolution. With the current coils of the 
standard in series and its potential coils in parallel with those of 
the meter under test, it is only necessary to compare the number 
of revolutions made by the standard during a given time with 
the number made by the meter under test. The average powers 
indicated by the meter under test (t) and the standard (s) are 

p KtN^?fioo ^^^ AVV.3600 

/ t ' 



and the accuracy of the meter under test 

-Pi 1 00 AW/ 1 00 



P, KsN, 



(20) 



In order that the disc constants of both meters be the same 
as often as possible, standard watt-hour meters are made with 
a number of different current and potential capacities. 

Standard meters are started and stopped by either making 
and breaking the potential circuit or else throwing the register 
in and out of gear by an electrically operated clutch. 

In the mercury flotation type of watt-hour meter, advantage 
is taken of the principle that when a pivoted metallic disc carry- 
ing current is placed under the influence of a magnetic field, the 
disc will rotate. 

Fig. 50 shows the essentials of a direct current watt-hour 
meter of this type. A copper armature disc D, slotted radialUy 
to guide the current and supported on a spindle 5, is enclosed 
in a suitable chamber 5, made of moulded insulating material 
partially filled with mercury. Current is led in and out of the 
merciu'y chamber by means of the copper lugs L which are set 
diameterically opposite each other. The current passes from one 
lug through the comparatively high-resistance mercury to t" 
edge of the low-resistance copper disc, across the disc to the n 
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cary and out from the other lug. The 6eld magnet F is built 
up of steel laminations and carries the two windings 511' and CT)'. 
The m^netic circuit is completed by the circular ring Z made up 
of steel ribbon and placed over the mercur\- chamber. 




Fic. 50 

At the top of Fig. 50 is shown the damping device which is the 
same as described before. By attaching a small float F of hard 
wood on top of the armature disc B, the entire moving system is 
given just a little excess buoyancy so as to exert a sllgbt upward 
pressure against a jewel bearing J at the top. the spindle being 
kept in alignment by a guide bearii^ G at the bottom. Bearing 
friction is thus very much reduced. 

The circuits of the meter are easy to follow. The potential 
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circiiit, taken from the line terminals, in most mercury watt-hour 

meters passes through a small heating unit of a thermo-couple 

and then around the field magnets. The current circuit is given 

one turn CW around each leg of the field magnets, in order to 

overcome the fluid friction of the mercury which increases with 

the speed of the armature disc. A compounding action with 

load thus results. 

The light load adjustment in most mercury flotation watt- 
hour meters is obtained by the use of a thermo-couple // whose 
heating element is in series with the potential circuit. The two 
dissimilar metals of the thermo-couple generate a voltage 
across the points M and P, which is constant so long as the tem- 
perature of the heating element and therefore the line voltage is 
constant. Two rods R and C, joined electrically by a slider K, 
are used to make the necessary adjustment. Rod R is of resist- 
ance material and rod C is of copper. The current generated 
by the thermo-couple divides at Af , part flowing through rod 
^ to K, returning over rod C to P. The other portion of the 
current flows through the armature disc in the same direction as 
the load current, providing the necessary torque to overcome 
friction. By moving slider K to the right more of the resistance 
rod is put into circuit and more current flows through the arma- 
ture disc, giving greater starting torque. 

Another method of making the light load adjustment that 
is sometimes used, is to shunt some of the potential circuit 
current through the armature disc, the final adjustment being 
made by the use of two rods in a manner similar to that used in 
the thermo-couple method. 

In most mercury watt-hour meters the position of the per- 
manent magnets is fixed and in order to adjust the action of the 
retarding disc, magnetic shunts in proximity to the magnets are 
provided. By moving these closer to or farther from the mag- 
nets, more or less of the flux from the magnets is shunted away 
from the retarding disc. 

The fuH-load drop through the armature disc of mercury 
watt-hoiu* meters is so low that it is customary to buil 
one standard meter for lo amperes and to use external shun1 
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for larger sizes. As a result the energy lost through the arma- 
ture disc is comparatively low. The resistance and energy 
losses of the potential circuits is about the same as in com- 
mutator types. For meters below 130 volts the entire resistance 
of the potential circuit is in the field winding, extra resistance 
in series being added for higher voltages. 

Connect the meter to be tested as shown in the text, using 
some suitable load. After applying potential, load circuit being 
open, see whether the meter has any creep. If it has, determine 
its rate. Then leaving the meter as found, determine its accu- 
racy at 10, 50 and 100 per cent load, taking the time of a con- 
venient nimiber of revolutions for a period of about one iriinute. 
Take enough sets of readings for each load so that the per cent 
registration of three sets check within one per cent. Then 
reduce the load to 10 per cent and adjust the meter to within 
2 per cent accuracy and do the same for 100 per cent load. 
After noting that the adjustment at light load is still within 
2 per cent, determine the accuracy of the meter for loads of 10, 
25 J 5O7 75 J ioo> 125 and 150 per cent loads. Record all readings 
as in Table XII. 



TABLE XII 

Make and type of meter .amperes volts 

Maker's meter number 

Rated full load on meter during tests watts L. 

Rate of creep revolutions in minutes seconds. 

Disc constant K Testing constant 2^/ = iirX36oo 



Volts. 


Amperes. 


True 

Watts 

AXB^C 


Rated 

Load 

C 
-100^ 


Meter under Test. 


Ob- 
served. 


True. 
A 


Ob- 
served. 


True. 
B 


Revs. 


Sees. 


Watts 
^„ KtXR 


%Regis- 
tration 
W 

-lOC^ 


W^ 5 
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Curues. Plot a curve between per cent registration (ordinate) 
and per cent load from the results obtained after the meter was 
adjusted at light and full loads. 

Conclusions. What characteristics should a watt-hour meter 
possess? Why are the light load and full load adjustments 
necessary? Which is the more important? Why? \\Tiat 
would be the probable effect of dust, fumes, and vermin getting 
into a meter and what sort of a cover should a watt-hour meter 
therefore have? What appear to you to be the advantages and 
disadvantages of the two tj-pes of watt-hour meters described 
in the text? As the meters are connected in Figs. 49 and 50 
and disregarding the accuracy of the meters, who is charged 
with the losses in the potential and current circuits of the meters? 
If the meter had any creep at the start of the test, calculate 
what it would cost the customer per day at ten cents per kilo- 
watt-hour. 



EXPERIMENT XV 

The Lead Storage Battery. — Storage batteries are classified 
according to their electrolytes, as *'acid" or ''alkaline.'' The 
former include all of the so-called lead cells and the latter is 
represented by one commercial type, the ''iron-nicker' or Edison 
cell. This experiment is intended to give the student some 
knowledge of the handling of a lead cell and understanding of 
what occurs within a cell as it is put through a cycle of discharge 
and charge. 

A storage battery when charged comprises lead grid positive 
plates carrying active material of lead peroxide (dark brown in 
color) and lead grid negative plates with active material of sponge 
lead (dark slate in color) and an electrolyte of sulphuric acid 
varying in density from 1.23 to 1.3 depending upon its purpose. 

Neither sponge lead nor lead peroxide possesses strength, 
rigidity or high conductivity. Mechanical considerations require 
the first two and the latter is necessary to conduct the current 
away efficiently. Therefore the finely divided and porous lead 
and lead peroxide are held in suitable grids which are a rigid 
framework or plate of lead or an alloy of lead and antimony. 

When the electrodes are in condition to furnish current, 
the battery is said to be charged. The process of giving out 
current is called discharge, during which some of the active 
material of both plates changes to lead sulphate, the plates 
becoming lighter in color. The electro-motive force of the 
battery also gradually falls and the density of the electrolyte 
decreases. After the battery has furnished such an amount of 
energy as to bring its E.M.F. down to a predetermined value, 
the battery is said to be discharged. Charging is the process 
whereby current is sent through the cell from an outside source 
in a direction opposite to the flow on discharge, thereby changing 
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the exhausted active material back to its original useful condi- 
tion. 

The chemical changes taking place during discharge may be 
represented by the following equations. When read from left to 
right they represent discharge and from right to left, the reac- 
tions of charging are shown. The reactions at the positive plate 
are, 

Pb02+H2S04 = PbS04+H20+0, . . . (21) 
and at the negative plate, 

Pb-fH2S04=PbS04+H2. . . . (^22) 

Combining we may write for the whole cell, 

Pb02*l-Pb-f 2H2SO4 = 2PbS()4 +H2O. . . (2^0 

The capacity of a storage battery is stated either in ampere- 
hours or watt-hours. The latter is naturally more important 
as it takes into account not only the current capacity but also 
the cell voltage. 'Hie ampere-hour capacity of a cell can usually 
be approximated by assuming that from 20 to 25 square inches 
of positive plate surface (both sides), with plates | inch thick 
will give I ampere for eight hours or eight ampere-hours at an 
eight-hour rate of discharge. For other thicknesses, the capacity 
varies as the square root of the plate thickness. Although the 
theoretical weights of lead peroxide and of sponge lead are 
respectively 0.156 and 0.137 ounce per ampere-hour capacity, 
in practice it is usual to allow from 2.5 to 3 times these weights. 
This is done to allow for the lack of porosity and gradual scaling 
and shedding of the active materials. Since the negati\'e plates 
do not iretain their capacity as well as the positives, there is 
generally one more negative than positive plates in a battery. 

From the equations given it is evident that on discharge the 
density of the electrolyte will fall and lead sulphate be formed. 
Pure lead sulphate, when isolated, is white in color, has such high 
resistance as to be practically an insulator and has greater volume 
than that of the lead or lead peroxide from which it is form 
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If an excessive quantity of lead sulphate is allowed to form by 
discharging a cell beyond some safe limit, the plates may be 
injured. The excessive volxmie of sulphate wiD tend to cause 
warping and cracking of the plates and loosening of the active 
material. Lead sulphate which forms on the plates during dis- 
charge is readily reducible by current, so that, if soon after a 
cell is discharged it is put on charge, no trouble results. But 
if a discharged cell is allowed to stand idle for any time, the 
sulphate apparently changes its nature, becoming dense and 
inactive, so that recharging will not readily reduce it. The 
formation of this insoluble sulphate is called sulphation and if 
it has not gone too far, the plates may be cleared by overcharging 
the battery for a long time. When a battery is fully charged 
further passage of current will cause electrplysis of the water 
and the cell is said to be gassing. The liberation of oxygen 
and hydrogen thus formed tends to tear off the insoluble 
sulphate. 

The open circuit E.M.F. of a cell falls somewhat with 
decrease of density of the electrolyte and*temperature and is 
also dependent upon the character of the active material. When 
fully charged the open-circuit voltage of a cell is about 2.20 
volts. While being discharged the voltage falls more or less 
rapidly during the first fifteen minutes, then much more slowly 
until the cell is nearly discharged, when it again falls rapidly. 
The decrease in voltage is largely caused by the formation of 
lead sulphate and increase in resistance. At first the chemical 
action takes place largely on the surface of the plates, the re- 
sulting formation of sulphate tending to close up the pores in 
the active material. As discharge continues the electrolyte 
occluded in the pores gives up its constituents, becoming water, 
and as new electrolyte cannot diffuse into the pores the cell 
becomes discharged. However, on standing, as electrolyte slowly 
works its way into the pores, the battery recovers somewhat 
and will have some residual charge. 

From what has been said it is evident that the ampere-hour 
•capacity of a cell will decrease as the rate of discharge is increased. 
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Approxmiate values of capacity for different rates of discharge 
are gi^'eIl in the following table: 



Honn Rate 
at DiachMTge. 


Ampere-ho-ar Capaciiv in Per Cent 
ol Eight Hour Rate Cax>acity. 


I 


55 


2 


:o 


3 


8o 


4 


SS 


5 


03 


8 


lOO 


12 


no 



From the fc^egoing table it is necessary to adopt some 
standard rate to fix the capacity of a cell and this is usually 
taken as the eight-hour rate. Thus an 8o ampere-hour batter\' 
is one which will furnish lo amperes continuously for eight hours. 
However, practice demands in many cases rates of discharge 
different from the eight-hour rate and the capacity of batteries 
is often stated at other rates. 

The limiting terminal voltage to which a cell may safely be 
allowed to faO on discharge also varies with the rate, being lower 
at hi^ rates than on low ones. In the absence of data from the 
manufacturer the limiting terminal voltage (corresponding to 
the T hour rate of discharge) may be taken from the expres- 
sion. 

£= 1.564-0.01 75^ (24^ 

where r=hours rate of discharge as in the above table. 

Every cdl has internal resistance which is also a variable, 
ranging an internal IR drop within the cell upon the passage of 
current. On discharge this subtracts from the E.M.F. of the 
cell, ranging a lowcT terminal or closed circuit voltage and the 
reverse <m charge. The resistance of a cell is increased by polar- 
izaticm oa charge and with the formation of lead sulphate on dis- 
charge- 

The density of the electrohle in a fully charged battery 
should be from j.23 to 1.3 and when the cell is fully discharged 
should have fallen about o.i in specific gra\'ity. 
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Whereas a battery may be discharged at high rates, it is not 
advisable to charge it too rapidly. Good practice starts charg- 
ing at a five- or eight-hour rate which is tapered off as the cell 
approaches full charge and starts to gas. As the time allowed 
for laboratory work is generally much less than this, the battery 
may be charged at higher rates. It must, however, be remem- 
bered that this is not the best practice. During charging the 
E.M.F. of a cell rises rapidly at first, then remains nearly con- 
stant for a period and again rises rapidly where the battery 




Fig. 51 



approaches full charge. The curve is thus the opposite of that 
on discharge. 

The cell connections for battery tests are as given in Fig. 51. 
With the switch thrown to the left the cell can be discharged 
through the adjustable resistance D, To charge the cell the 
switch is thrown to the right and the rate of charge controlled 
l)y means of the lamp board and the adjustable resistance C 

Two l)atteries are to be tested in this experiment, one under 
charge and another under discharge. The battery to be charged 
is connected as in Fig. 51, using a carbon rheostat and a lamp 
])()arcl in series with the no- volt line. Charge the battery at 
about a two and one-half hour rate, maintaining this rate constant 
by means of the adjustable rheostat C Readings of open- and 
closed-circuit voltage, specific gravity by hydrometer and tem- 
perature are to be taken every three minutes for the first fifteen 
minutes or until conditions steady down. After that, readings 
may be taken at longer intervals until near the end of the run 
when, conditions again changing rapidly, three-minute readings 
must be taken. Continue charging until the terminal voltage 
and specific gravity remain constant for several readings. 
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After the battery to be charged has been charging for ten or 
fifteen minutes, start the second cell on discharge at the two- 
hour rate, maintaining this rate by means of a carbon rheostat. 
The same readings are to be taken at similar intervals as above. 
Continue discharge imtil the open-circuit voltage falls to a value 
as calculated from Eq. (24). 

Curves. Plot curves for each cell on separate sheets, plotting 
elapsed time values as abscissas against open- and closed-circuit 
volts, specific gravity, temperature and resistance. The latter 
is determined by dividing the difference between open- and 
closed-circuit voltages by the current. 

Conclusions, Explain why the curves come out as they do. 
Why does the terminal voltage of a cell fall on discharge? Why 
should a lead battery not be completely discharged? What 
factors influence the life of a battery? A battery is to be made 
up of cells such as you tested to furnish 100 amperes at 125 volts. 
How many cells would be necessary and how would you arrange 
them? 



EXPERIMENT XVI 

Illumination Laws and Measurements. — ^The unit of intensity 
of a light source is the candle-power, and represents a measure 
of the light flux or luminous energy radiated by the soiurce. 
Formerly, this unit was defined as the horizontal intensity of 
light emitted from a specified candle (British standard candle) 
but due to the greater permanence and reproduceability of the 
incandescent lamp, the standard is now maintained in tested 
incandescent lamps at the Bureau of Standards, Washington, as 
well as at other laboratories. The international candle (the 
standard in Great Britain, France, and the United States) is in 
general use to-day, and is 1.6 per cent less than the British candle 
referred to above. 

The unit of illumination is the foot-candle, and is defined as 
the illumination on a plane i foot distant from a source of 



Illumination « 1 ft. candle 

s 1 lumtn/sq.ft. 




Fig. 52 

light having an intensity equal to i candle-power, the plane 

ig normal to the direction of the incident light flux at all 

its. Thus, considering a sphere of i foot radius (Fig. 52) 

118 



ILLI7MINATION LAWS AND MEASLTREBCEXTS 119 

with a light source placed at its center having an intensity of i 
candle-power in all directions, the illumination at all points on the 
surrounding sphere will be i foot-candle. 

In discussing illumination, it is helpful and convenient to 
consider the luminous energy radiation as a flux emanating from 
the light source. The amoimt of such flux is expressed in lumens, 
an illimiination of i foot-candle being produced by i lumen per 
square foot, or- 

I foot-candle = i lumen per square foot. 

Referring to Fig. 52, it is evident that, since the area of the 
surrounding sphere is 4irr^ or 4^ square feet, and the illumina- 
tion produced is i foot-candle or i lumen per square foot, the 
total flux emitted is 4T lumens. It follows that 

Light flux (in lumens) =4irC-P .... (25) 

where CP represents the mean spherical candle power of the 
source. 

Similarly, on a sphere of radius 2r or 2 feet, the illumination 
would equal 

. .^ or — (in ft.-candles or lumens per square foot). 
4^(2)2 4 

From the above, it may be seen that 

CP 
Illiunination (on plane normal to incident light flux) = - (26) 

(where d is in feet) . 

This is known as the " inverse square " law, and holds for 
all cases where the maximmn dimension of the light sources does 
not exceed cid, the distance between the source and the illumi- 
nated plane. 

In case the illiuninated plane is not normal to the incident 
light (Fig. 53), it may be readily shown that: 

CP 
Illumination on horizontal plane = ^=r- cos^ a. . . (27) 

This relation is known as the " cosine " law, or Lambert's 
law, and it is of great use in calculating floor illumination, ^ 
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The light radiated by incandescent lamps is far from being 
uniform in all directions, as shown by the distributitni cur\~es of a 
standard ty]x; of lamp (Fig. 54). 




'ITic <:andl(;-iM)wcr of an incandescent lamp has, therefore, 
no meaning unless it b clearly defined, thus: mean horizontal 
< aiulle-ixjwer ('M.H.C.P.) represents the average intensity in the 
tiori/^fnla) i)liin(; (Fig. 540); mean spherical candle-power 




■^MMCP 
fa) Horitantal Diitrlbution. (b) Vertical OiiMbuthi' 



(M.S.C.P.) represents the average intensity in all directions, 
and is the value which must be used in Eq. (25), Mean upper 
hemispherical candle-power (M.U.H.C.P.) and mean lower 
hemispherical candle-power (M.L.H.C.P.) are also used. Where 
the mean hemispherical candle-power is discussed, without spe- 
cifying which hemisphere is referred to, the lower is usually the 
one considered. 

The M.H.C.P. is readily determined, whereas the deter- 
— 'nation of M.S.C.P. requires a rather lengthy investigation 
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unless an integrating sphere is used. The two values are related 
by the " reduction factor," thus 

Reduction Factor= ' ' ' ' (28) 

JVl.xl.Cx . 

Therefore, with the reduction factor known for a certain 
U-pe of lamp, the measurement of M.H.C.P. also permits the 
determination of M.S.C.P. 

The integrating sphere is a convenient de\ice which may 
be used to determine the M.S.C.P. If a light source is placed at 
the center of a hollow sphere, the illumination, due to reflected 
light, on the interior surface is directly proportional to the total 
light flux emitted by the source. By measuring the illumination 
on this surface, a measure of the total flux (and thus M.S.C.P.) 
is obtained. A screen is interposed between the light source and 
the point of measurement to eliminate the effect of direct illumina- 
tion. The sphere must first be calibrated, using a light source 
whose M.S.C.P. is known. 

The determination of illiunination requires an instrument 
of light, rugged construction which may be readily carried by 
the observer to the different locations where measurements are 
required. The Macbeth lUuminometer, the General Electric 
Foot-candle meter, and the Sharp-Millar photometer, fulfill this 
requirement, and are representative of this tj-pe of instrument. 
Only the first two mentioned will be considered in this study. 

(a) Macbeth lUuminometer, — The instrument is comprised 
of three elements, as shown in Fig. 55, namely, the illuminometer, 
controller, and primary standard. 

The operation of the instnunent is briefly as follows: the 
working standard in the illuminometer is first calibrated against 
the primary standard by placing the latter on the test plate (a 
white diffusing smrface) and sighting with the illuminometer into 
the aperture D. The current through the primary standard 
is then adjusted to the value specified in the certificate furnished 
with the instrument to give 3 foot-candles; also the rachet 
illiuninometer bar is set to a scale reading of 3 foot-candl 
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Tile current through the woi^ing standard is next adjusted until 
equalit>' of Ulmnination is secured, and this \-alue is used in all 
subsequent determiDations. The arrangemeDt of the controller 
pennits the reading of current through either the primary 
standard or working standard. 







'tf£j 
Coitneeiieni of Ccniw/Zei 



CnasStCtioa of Rt^nmf Standard. 



Fk=- SS 



After calibration, the primary standard ^ould be < 
nected from the controller, and replaced in the instrument case. 
The test plate is then placed at any point where the illumination 
is desired and, after adjusting the lamp current to the calibration 
value, the illuminometer is sighted on the test plate, taking 
care that no shadows are thrown on the test plates. The illu- 
minometer should be held about 5 feet from the test plate in such a 
position that the angle between the axis of the telescope and 
sighting aperture and the normal to the test plate does not exceed 
•»bout 40°. TTie position of the rachet bar (and thus the posi- 

1 of the standard lamp) is varied until the two illuminations 
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of the screen equalize. The reading on the rachet bar scale 
then indicates directly the illumination in foot candles. The 
action of the illuminometer itself is similar to that of the ordinary 
photometer bench, with structural modifications required by 
the service for which it is intended. 

(b) G. E. Fooi-candle Meter. — This instnmient, illustrated in 
Fig. 56, is somewhat more simple and compact in its construc- 
tion than the Macbeth type previously described. It is based 
on the fact that if a screen of opaque paper, with a translucent 
grease spot at its center, be equally illumined on both sides, 
the grease spot will disappear and so indicate equalization. If 
the light on one side is increased or decreased, the grease spot 
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will appear darker or lighter, respectively, than the surroimding 
paper. 

The row of greased paper spots (Fig. 56) are illimiined from 
within by the working standard, while the illumination on the 
front surface is unknown, and the value is to be determined. 
The working standard lamp, being placed at one end of the row, 
gives unequal illumination to the different spots, those nearest 
the lamp receiving the greatest illumination. 

Underneath the row of spots is a foot-candle scale. Thus, 
the reading underneath the spot which disappears gives at once 
the illtmiination on the front surface of the opaque sheet. A 
rheostat and voltmeter are used to adjust the current throw 
the lamp to its calibration value. 
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If the illumination (in lumens per square foot) be determin 
for a number of squares marked oflF in a room, the summation 
the products of each area multiplied by its illmnination gives t 
total illumination effective at the reference plane, or 

Lumens effective = S Illumination of Square X Area of squa 

Knowing the total lumens emitted by the lighting instal' 
tion the " utilization constant " may be at once detennim 
where 

T^T4.-i- <L- o i. X Total lumens effective at reference plai 

Utilization Constant = = — i-; ; = — 

lotal lumens emitted 



ijl;- The utilization factor is a measure of the overall efficiency 

the installation and varies from 65 per cent to 10 per cent, deper 

(jl ; ing on the type of reflectors used (if any) and the color of t 

ceiling and walls. 

S The tests to be carried out are as follows: 

(a) Determine the M.H.C.P. and efficiency ( — '- — '—^ 

\ watts 

of a carbon, Mazda B (vacuum), and Mazda C (gas-fille 

incandescent lamp, using the photometer bench and connectic 

indicated in Fig. 57. A caUbrated standard lamp will be avj 

able for these tests. 

(b) Using the Macbeth lUuminometer and General Elect 
Foot-candle meter, determine the utilization constant of 
typical lighting installation. 

■;[] (c) Check the caUbration of the working standard of ' 

'}■ Macbeth Illuminometer against the standard lamp used in ( 

This determination should check, within 3 per cent, the va 
of 3 foot-candles previously obtained against the prims 
standard. 

(d) Using the Macbeth Illuminometer and the integral 
sphere, determine the M.S.C.P. of the four lamps tested in i 
Calculate the reduction factor for each lamp. 

Conclusions, i. In a photometer, arranged as in Fig. 
the standard lamp is 134 cms. from the screen and the t 
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iamp is 158 cms. from the screen, when balanced. If the 
standard lamp is 20 cp., and the reduction factor of the 
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Fig. 57 

test lamp is 78 per cent, what is the M.S.C.P. of the test 
lamp? 

2. In a 2oX30-ft. room, there are four 20 c.-p. (M.S.C.P.) 
incandescent lamps sym- 
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inetrically arranged as in- 
dicated in Fig. 58. What 

• 

IS the illmnination at cen- 
ters of squares marked a 
aixd 6? What is the utili- 
sation constant of the in- 
st^Jlation? Lamps are each 
^ ft. above the floor. As- 
^'^^tme no reflection from 
^^de walls of ceiling. 

3. Compare the illmninometer and the foot-candle meter 
"^th reference to 

1. Cost of construction. 

2. Accuracy. 

3. Simplicity and ease of operation. ^ 

4. Liability to trouble. 

5. Calibration. 
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ALTERNATING CURRENT TESTS 



EXPERIMENT I 

Wave Shape, Effective Values, Power and Power Factor. 

An alternating current is one which periodically changes its 
direction of flow. The frequency (number of cycles or periods 
per second) depends upon the class of service for which the 
alternating current power is to be used. In alternating current 
railway motors a frequency of 15 or 25 is employed; for illumi- 
nation, arc and incandescent lamps, a frequency of 60 is stand- 
ard; telephone currents are made up of many superimposed 
frequencies, ranging from perhaps 100 to 1500; for wireless 
telegraphy and telephony the frequency may be between 20,000 
and several himdred thousand; two small metallic spheres 
charged with electricity of opposite kinds will, if brought close 
enough together, exchange and neutralize charges; the discharge 
current is oscillatory in character and may be of a frequency of 
several billions of cycles per second. 

Generally an alternating current is sinusoidal in form. 

If i= instantaneous value of current; 

/ni^= maximum value of current; 

^=2;rX frequency of current; 
we have 

i=Imsix cos pi. 

An alternating current generator is generally designed so 
that its wave form may be expressed by the formula 

e = -Emax cos pt. 
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Whether or not a generator gives such a wave form depends 
upon the shape of the air gap between armature and pole face 
and also upon the distribution of armature winding. 

Whenever a sine wave of E.M.F. is applied to a circuit, the 
current which is caused to flow is also a sine wave (neglecting 
distorting effects of hysteresis, variation in permeability, dielec- 
tric loss in condensers, etc.). If the circuit is non-inductive the 
E.M.F. and current waves are in phase, i.e., the maximum and 
minimum values of the two waves occiw simultaneously. If, 
however, the circuit offers inductance or capacity reaction, or 
both, the current may either lag or lead the E.M.F. in phase, 
depending upon which reaction predominates. These reactions 
are more fully analyzed in the discussion of Ex. 2. 

The question arises how much power is used in a circuit 
in which an alternating current is flowing? The reactions 
which are offered to the flow of the current are of two general 
types, conservative or non-dissipative, and non-conservative 
or dissipative. 

The product of the current into the dissipative reaction gives 
the rate at which power is being used in the circuit; the con- 
servative reaction causes no energy loss. 

If a weight suspended from a spiral spring is forced to vibrate 
at its natural frequency, with constant amplitude, the only force 
required will be that necessary to overcome the frictional resist- 
ance of the moving system. The other reactions in the system 
as shown to exist by the stretching of the spring (to a much 
greater degree than the impressed force could directly bring 
about) are the conservative reactions of the system; they are the 
forces represented by the stretching of the spring and the change 
in momentum of the moving weight. The power which is 
expended in maintaining constant amplitude of oscillation of the 
weight is equal to the product of the velocity of the weight into 
the frictional resistance of the system. 

The rate at which energy is dissipiated from an electrical 
'^ is equal, in the same way, to the product of the current 
: total dissipative reaction in the system. 



WAXT SHAPE, EFFECTI\T VALUES 131 

If i« instantaneous value of current, 
i?= effective resistance (see Ex. 2) of circuit, then the dissi- 
pati\'e reaction at any instant = //?. and the rate at 
which energ}' is being used is ecjual to ixiR=PR. 

As this rate varies throughout the cycle it is necessar}- to get 
the average rate at which the power is used. 

I f '^ 
Average power =- I PRdl. 

XOW if J = /max COS piy 

verage power =—— ( cos2 pi d{pi)=^-^R. 

Now if a direct current is passed through the same resistance 
the rate at which energ}- is dissipated is given by the formula: 

Power =/2/f. 

K the alternating current is \'aried in amplitude until it is 
supplying the same amount of power as is the direct current, 
we have 



av 






or 

J •'max 

and this is called the effective value of the alternating current. 
It equals 0.707 of the maximum value. By the same line of reason- 
ing the effective value of voltage of a sinusoidal alternating E.M.F. 
is equal to 0.707 the maximum value. A.C. ammeters and volt- 
meters are always calibrated to read effective values. 

It is to be noticed that if the wave of current or E.M.F. is 
not sinusoidal, the previous integration is not so simple, but 
involves a number of terms of a Fourier series. The effective 
value of such wave is not equal to 0.707 the maximum \'alue, but 
varies with the wave shape. For this reason all standard tests 
on alternating current apparatus must be carried out with sin- 
usoidal wave forms; othen\ise inaccuracies are likelv to occur 
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It has been menti<Hied that if conservative reactions occur 
in a circuit the ciirrent and voltage will not generally be in the 
same phase. The dissipative reaction is equal to that com- 
ponent of the impressed force which is in phase with the current. 

If ^= angular difference in phase of current and 

impressed E.MJ'.; 

Eraaji COS ^=maximum value of dissipative reaction; 

^""^ - — ^ = effective value of dissipative reaction. 

V2 

If /= effective value of current; 

/£maxCOS <f> 



Power supplied = 



V2; 
= /£cos^; 



where £=—^= effective value of impressed EJM.F. 

V2 

It is therefore evident that the product of E and/ as obtained 
from A.C. meters does not generally represent the power used in 
a circuit. It is necessary to know cos ^ to obtain true watts. 
The product EI is sometimes called " apparent watts " in dis- 
tinction to EI cos <l>y the true power of the circuit in watts. 

This quantity, cos (f>, is extremely important in all alternating- 
current work. It is called the power factor of the circuit and is 
that quantity by which the volt-amperes of the circuit must 
be multiplied to give the power, in watts, in the circuit. 

If we have some method of actuaKy plotting the waves of 
current and E.M.F. in a circuit, in proper magnitude and phase, 
the power EI cos (f>, could be immediately obtained. E and r 
are calculated by multiplying the maximum values of the respect- 
ive waves by 0.707 ; (f> is measured as the angular distance between, 
two corresponding points, say the zero points, of the two waves, 
remembering that a complete cycle represents 360®. 

Generally it would be inconvenient and slow to use such a 
method, so a wattmeter is used. This instrument has two coils, 
one of low resistance and comparatively large cross-section and 
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the other of very fine wire, of high resistance; it is connected 
to the circuit, in which the power is to be measured, as though 
an ammeter and voltmeter were in the same case; the two coils 
are so placed in relation to one another and the scale is so cali- 
brated that the reading of the instrument is actually equal to 
EI cos <f>. The current coil of the instrument is placed in series 
with the circuit the poi^'er of which it is desired to measure, and 
the potential coil is connected in parallel with the circuit. Unlike 
the A.C. anuneter and voltmeter, which cannot be so connected 
to an A.C. circuit that the needle is deflected backward, the watt- 
meter may deflect backward with a wrong connection. The 
connection of either the current or potential coil must be reversed 
in such case. 

It is the object of this experiment to plot curves of E.M.F. 
and current in an inductive circuit, in their proper phase and 
magnitude, and to measure with A.C. meters the E.M.F., current, 
and power of the circuit in order to verify the previously stated 
facts regarding effective values, power, cos ^, etc. 
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Fig. I 

The method to be employed is conunonly called that of 
" instantaneous contact." It may be easily explained by refer- 
ence to a direct current circuit. In Fig. i are shown two cells 
and a tdephone receiver (any other sensitive current indicator 
would work as well as a telephone receiver). When switch 5 
is closed no current will flow provided that the two E.M.F.'s 
in the circuit are opposite and just equal. If, however, the two 
E.MJF.'s are not equal and opposed, current will flow eve' 
time the switch is closed. If the switch is closed and opened 
regular, short, intervals of time a more or less musical note ^ 
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be heard in the telephone receiver. Suppose now this principle 
is applied to an alternator as shown in Fig. 2. On the same 
shaft with the alternator armature C, is mounted a disc of some 
insulating material. A metal strip H, inserted in the disc, 
reaches to the periphery and is connected at its inner end to a 
small conducting drum and so to brush F. A brush E rests 
on the periphery of the disc and is insulated from the alternator 
frame. It will be noticed that this combination of brushes, 
metal strip, and insulating disc is nothing but a rotating switch, 
the two brushes F and E being connected together once for each 
revolution of the armature; moreover, whenever this contact is 
made, the armature occupies the same position in the field. 
Now the E.M.F. wave generated by the revolving armature has 
the same value every time the armature occupies the same posi- 






Receiver 



D.C. 

O 




Fig. 2 



tion in its field; in other words, every time the brushes F and E 
are connected together the instantaneous value of the E.M.F. 
is the same. 

A variable resistance A, connected to a supply of constant volt- 
age, serves as a source of variable potential difference; by the sliding 
contact J5, the P.D. between G and B may be made anything 
desired. The local circuit, BAGEFC, is exactly similar in its 
make up to that of Fig. i, except that the two E.M.F.'s are 
varying. The rotating switch closes the local circuit at the same 
point on successive E.M.F. waves of the alternator, shown at 
a, a', a^\ in Fig. 3. If the slide B is moved on the potentiometer 
til the P.D. between G and B is just equal to the voltage 
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a, then when the rotating switch closes, nocu^'cnt^villflow' through 
the leleph<»ie receiver and hence no sound will be heard. A 
D.C. voltmeter, connected to E and G, will then give the value 
of the D.C. voltage necessary to balance the instantaneous value 




Fig. 3 



of the A.C.- voltage; i,e., it will give the instantaneous value of 
the A.C. voltage. If now the brush E is moved around on the 
periphery the local circuit will be cioseri when the A.C. voltage 
is perhaps bV V (Fig, 3). The sliding contact B {Fig. 2) must 




Fic. 4 



thai be moved to reduce the telephone sound again to zero, when 
the D.C. voltmeter will give the value of this voltage h (Fig. 3). 
So by moving E (Fig. 2) through 360 electrical degrees, taking 
readings at every few degrees (say 15°) the entire wave of E.M.F. 
may be plotted, point by point. The actual connections to l^" 
made tor this test are shown in Fig. 4. The plug switch nn 
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it possible to connect the telephone circuit to any one of the three 
E.M.F. waves to be measured. 

An inductive coil A and resistance C are connected in series 
and through the current coil of wattmeter W, through ammeter 
A to the A.C. generator. Taps are taken off the circuit and 
connected to receptacles so that the jack can connect the telephone 
circuit either to the terminals of ^4, C, or the entire circuit. For 
each setting of the brush B, a balance is to be obtained with the 
plug inserted in each of the receptacles in turn; the brush is to be 
moved in steps of about 15° (electrical) imtil the three waves are 
obtained for a complete cycle. 



Degrees 




Fig. 5 

The wave obtained from receptacle No. i gives the phase 
of the current, as the current and E.M.F. are in phase on a non- 
inductive circuit. The wave from receptacle No. 3 gives the 
impressed voltage, and so is the same as the terminal voltage of 
the alternator and shows how nearly the alternator generates a 
sine E.M.F. 

The inductance used should have an air core, otherwise the 

current will be distorted and the value of ^ obtained from the 

e sheet will be difficult to interpret. After the circuit has 

properly adjusted to give readable deflections on the meters 

take a reading of volts, amperes and watts for each part of 
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the circuit, and for the whole circuit. To read watts used in 
any part of the circuit, connect the potential leads of the wattmeter 
across that part of the circuit. 

Maintain the impressed voltage and frequency constant and 
determine the three curves of voltage. 

The impressed voltage must not be greater than about 65 
per cent of the D.C. voltage used on the potentiometer resistance. 

The cun^es obtained should look about as those given in Fig. 
5. C is the drop across the resistance, hence gives the phase 
and form of the current; B is the drop across the inductance, 
and E is the impressed E.M.F. The angle of lag for the entire 
circuit is equal to b, measured in degrees; the phase displacement 
of current and E.M.F. in the inrluctancc coil is given by a. 

A vector diagram showing the same relations as those given 
by the curves of Fig. 5 is shown in Fig. 6; the direction of 




Direct ton of. 
Vector Rotation 



Phase of Current 



Fig. 0. 



positive vector rotation is taken counter-clockwise as 4s— th^ 
practice in all alternating-current diagrams. 

The phase of the current is taken as reference vector, and in 
phase with this current is the voltage OC which is the component 
of the impressed voltage required to overcome the reaction of the 
resistance C of Fig. 4. At OB is shown the component of 
impressed voltage required to overcome the reactions in the 
inductance shown at A in Fig. 4; this voltage will be nearly 
90° out of phase with the current if the resistance of the induct- 
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ance coil is small compared to its reactance. The impressed 
voltage OE must be of such magnitude and phase as to supply 
the two required drops OB and OC. 

The angle <t> of Fig. 6 is equal to the angle indicated at 6 in 
Fig. 5; it may have nearly any value between zero and 90^ 
depending upon the relative values of reactance and resistance in 
the circuit. 

Check the values of cos 0, obtained from the plotted curves, 
with the values computed from readings of wattmeter, ammeter 
and voltmeter. With the same base and maximum value as 
curve E, construct a sine curve to see how closely the generated 
E.M.F. approximates this shape. Compare the voltmeter 
readings of the three parts of the circuit with the effective values 
as computed from the curve sheet (0.707 Xmaximum value). 

Questions 

What diflSculty would be encountered in this test if the 
voltage across the circuit as read on the alternating current 
voltmeter was 85, while the voltage across the potentiometer 
was 105? 

If the readings on a certain circuit were 60 volts, 2.5 amperes, 
85 watts, what should be the distance b of Fig. 5? 

What relation exists between the instantaneous values of 
voltage across each part of the circuit and across the whole 
circuit? 

WTiy should the strap H and the brush E (of Fig. 2 ) be as 
narrow as possible? 



EXPERIMENT II 

Properties of the Alternating Current Circuit. The object 
of this test is to investigate the relations existing between the 
phase and magnitude of the current and impressc^d E.M.F. of 
a circuit containing inductance, capacity and resistance in series. 
Also the effect of frequency is to be noterl and the difference 
between ohmic and " effective " resistance is to be measured. 

When an E.M.F., either A.C. or D.C., is impressed upon any 
circuit, a current is caused to flow, the value of which depends 
upon the reactions which the circuit offers. Wien the char- 
acteristics of the circuit are known, the value of the current may 
always be found by setting up the differential ecjuation of reac- 
tions existing in the circuit, and putting their sum equal to tlie 
impressed E.M.F. In general the reactions are proportional 
to the current or some function of the current, so that the dif- 
ferential equation involves the current, constants of the circuit, 
and impressed force; its solution expresses the current in terms 
of the impressed force and the constants of the circuit. 

In the direct current circuit the solution is extremely simple, 
because the current itself is generally a constant quantity, but 
in the case of alternating currents the reactions are more complex 
and so the solution is more difficult. The solution will not be 
attempted here, but the results of the solution will be used and 
ciscussed. 

The three reactions which occur in the circuit to be tested 
are resistance reaction, inductance reaction and capacity reac- 
tion; they will each be discussed separately. 

In the ordinary D.C. circuit, as e.g., an incandescent lamp 
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connected to a supply line, Ohm's law expresses the relation 
existing between current and E.M.F., 

where 

£= potential difference at terminals of lamp; 

7= current flowing through lamp; 

22= resistance of lamp. 

In case an A.C. E.M.F. is applied to this lamp, exactly the 
same law holds; E and / will be the effective values of the voltage 
and current while 22 will have exacdy the same value as it had 




Fig. 7 



for the direct current. This is the case of an A.C. circuit having 
only resistance reaction; moreover, the effective resistance is 
the same as the ohmic resistance. (This will always be true, 
for ordinary frequencies, imless the circuit embraces a magnetic 
path made up of iron. The difference will be discussed later.) 

The above law gives the magnitude of the alternating current 
through the lamp, and its phase will be the same as that of the 
E.M.F. As 22 is a constant the current will ai every instant be 
directly proportional to the E.M.F. If the voltage is a sine curve, 
the current will also be a sine curve (in general of different ampli- 
tude) in exacdy the same phase as the voltage. The curve 
representation of the two variables is given in Fig. 7. 
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The next reaction to be considered is that offered by a coil 
of wire having a considerable number of turns. (A coil of few 
turns shows the same effect as one having many turns, but 
not to an extent sufficient to measure with ordinary laboratory 
instruments.) A current flowing through such a coil produces 
a magnetic field the strength of which is at any instant directly 
proportional to the value of the current. It is a property of such 
a magnetic field that whenever its strength is changed an electro- 
motive force is set up in the electric circuit which embraces the 
magnetic field. The direction of this E.M.F. of self induction 
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depends upon whether the field is increasing or decreasing, and 
its magnitude depends upon the rate of change of the field and 
number of turns in the coil. As the field is always proportional 
to the current, it is evident that this inductance reaction is pro- 
portional to the rate of change of the current. 

It is e\ddent, therefore, that if an alternating current is sent 
through such a coil, there will be two reacting forces set up in 
the circuit, the resistance reaction (the coil will of course have 
resist^ce) and the inductance reaction. If the current is a 
sine function of the time the rate of change of the current, to 
which the inductance reaction is proportional, will be of similar 
form but displaced 90° from it. By further analysis it may be 
shown that this inductance reaction is 90° behind the phase of 
the current The two reactions may be presented in the form 
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of curves as shown in Fig. 8. The current is assumed in magni- 
tude and phase, the resistance and inductance reactions can then 
be plotted, and the impressed force is then foimd as equal to the 
sum of the two reactions and, of course, opposite in phase. Rep- 
resented vectorially it will be seen that the diflFerent forces of Fig. 8 
are properly given in Fig. 9. The phase of the current is assximed 
as 01. The resistance reaction is shown as OR and the inductance 
reaction as OX, The combined reactions are then given by 
the vector 0Z\ the impressed force must be equal and opposite 



Vector 
Rotation 




Fig. 9 



to this, so is properly shown as OE. The length of the vector 
OR is equal (in scale of volts) to the ciurent (in amperes) multi- 
plied by resistance (in ohms). Maximvun values of E.M.F. 
and current would naturally be used in constructing the vector 
diagram, but the diagram holds good if eflfective values (maximum 
value /V2) are used, as it simply amoimts to a change in scale. 

The length of the vector OX is proportional to L, the coef- 
ficient of self induction of the circuit expressed in henrys, and 
to the rate of change of the current. But if the current is ex- 
pressed by i=/max sin 2;:// it is at once evident that the maximum 
value of the inductance reaction is 2tJLI^,^. But, if the other 
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reactions are expressed in efTectivc values, the inductance reaction 
is given by 0X= 2;r/i7, where / is the effective value of the current. 
The phase difference of the impressed force is generally desig- 
nated by ^ and from the diagram it is seen that 

tan <p=~tr' or cos o = — - — — . 

• 

The power used up in the circuit is cqu<:l to the current X resist- 
ance reaction. But resistance reaction = impressed E.M.F. X cos (f>. 
So that power used up (expressed in watts) =^IXIR^IE cos ^. 

It was proved in Ex. i that the wattmeter reading does give 
EI cos <f>. 



urrent 




Fig. io 



If now a condenser is put in the circuit a capacity reaction 
will result. The counter E.M.F. of a condenser is equal to 

Q/C 

where Q= quantity of electricity in condenser; 
C= capacity of condenser. 

If Q is expressed in coulombs, and C in farads, the counter 
E.M.F. will be given by the formula in volts. 

The quantity of electricity in a condenser, of positive polarity, 
e.g., will be a maximum at the end of a positive alternation of the 
current When the current reverses, some of the electricity 
begins to flow out of the condenser, so that the truth of the above 
statement is evident. The condenser reaction will therr 
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have a maximum positive value at the end of a positive loop of 
current and the reaction is of the same form, with respect to time, 
as the current wave (if the current is a simple sine wave). The 
phase relations between current and condenser reaction is shown 
in Fig. lo and vectorially in Fig. ii. In this latter figure OI 
represents the current and OC gives the 
condenser reaction. The magnitude of 1^ 
this reaction is 

where £c= capacity reaction in volts; /= 

current in amperes; /= frequency; C= 

... J Fig. II 

capacity m farads. 

The three reactions which have been discussed may now be 

grouped for convenience : 

Resistance reaction =/i2, i8o° ouf of phase with current; 
Inductance reaction = 27tfLI, 90° behind current, 

Capacity reaction = — 7—, 90° ahead of current. 

27r/C 

The quantity 27r/Z is called the reactance of an inductive cir- 
cuit; for a condensive circuit the quantity — jp, is called the 

27r/C 

reactance. In case both condenser and inductance are present, 
and connected in series the reactance is equal to ( 2;r/Z - — -— ) 

The reactance is generally designated by the letter Xy so 
for a condenser 

27:fC 
and for an inductance, X^2njL\ 

and if both are connected in series, 

X=2nfL —,. 

2nfC 

iductance, resistance and condenser are connected 
vr ation between voltage impressed and current is 
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This quantity Z is called the impedance of a circuit and is 
expressed in ohms, just the same as resistance or reactance. 

Generally vector diagrams dp not give the reactions them- 
selves, but the components of the imj)ressed K.M.F. used in 
overcoming these reactions. These comjjonents are scjmetimes 
called the reactions; it must be remembered, however, that 
really the reactions are i8o® out of phase with these components 
of the E.M.F. In so far as no ambiguity will arise from such 
nomenclature and as text-books on the subject of alternating 
currents generally use tlic terms inductance drop, etc., signi- 
fying " the component of the impressed E.M.F. to balance the 
inductance reaction " such use of the terms will be made here. 
We have, therefore, 

Current lags 90® behind inductance drop; 
Current leads 90° ahead of capacity drop; 
Current in phase with resistance drop. 

The diflference between obmic and effective resistance is now 
to be noted. If current is sent through one coil of a Irani' for.r.cr 
(a coil having a magnetic circuit in which iron is uscxl) and the 
power used in the coil is measurcxl by a wattmeter, it will be found 
that the wattmeter indication is much greater than Pr where 

/=the current, 

r= resistance of coil, calculated from size and length of w?re, 
or measured by direct current test. 

The continually reversing magnetic field in the iron uses up 
energy as hysteresis and eddy current loss. This loss must be 
furnished by the line supplying the current, and the wattmeter 
measures this loss and so gives the same reading as though the 
ohmic resistance of the coil was much greater than it actually " 
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If a condenser, inductance and non-inductive resistance 
are connected in series, all of the previously discussed reactions 
will occur in the circuit. The different reacting forces may be 
measured and their relative phases determined. Added vector- 
ially these component E.M.F.'s should give the impressed E.M.F. 
both in phase and magnitude. As was shown in Ex. i, the watt- 
meter reading of any part of the circuit gives the product of the 
resistance (effective) reaction and the current. By dividing the 
watts by current in the circuit the resistance reaction is there- 
fore found. The proper phase for the voltage drop in the circuit, 
(or part of circuit) referred to the current, is thus obtained. 
In Fig. 12, is shown the vector diagram for the circuit as given 



Supply 



(t) 



A 4^ 



Inductanc9 



fiBatatance 



I 1 1 Condenaer 



®-<d> 



Fig. 13 

in Fig. 13. The phase of the current is assumed as 01, The 
non-inductive resistance drop, OR, is plotted in phase with 01 
and equal in magnitude to the voltage across the non-inductive 
f esistance as indicated by the voltmeter. The resistance reaction 
of the inductance coil is obtained by dividing the watts used in 
the inductance coil by the current. .This voltage is plotted in 
Fig. 1 2 as ORl- With a radius equal to the voltage drop across 
the inductance coil (measured by voltmeter) an arc is drawn 
about O as center and the inductance drop is then plotted in 
such a phase as will give the requisite component ORl in phase 
with the current. It is shown as OL, and the resultant of OR 
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OL is shown as OA. The capacity drop is plotted as OC, (It 
is supposed that some power is used in the condenser, giving a 
voltage component in phase with the current. This component 
is obtained in the same manner as ORl was obtained.) The 
resultant of the three voltages OR, OL and OC, is shown as 
OE, This vector, 0£, should agree both in magnitude and 
phase with the impressed voltage as measured and calculated 
from readings of voltmeter, wattmeter and anmieter. 

It is to be noticed that the angle <j> may not check very closely 
with the value as obtained by the formula, 

, watts in total circi'-'t 

cos o = : — ; , . 

current X impressed \oltage 

This will be especially true if (j> is small. The value determined 
experimentally is cos (j) and not (f) itself. When <f> is small a large 
change in <f) is accompanied by only a small change in cos ^. 

With connections made as in Fig. 13, using an inductance 
coil with iron core and a frequency as low as obtainable with the 
generator used, adjust the different parts of the circuit until 
the drop in the condenser is about 50 per cent greater than the 
resistance drop and the drop across the coil is about 50 per cent 
smaller than the resistance drop. Read current, volts and 
watts for each part and for the whole circuit keeping the im- 
pressed voltage constant while getting the set of readings. 
Then increase the frequency to as high a value as is obtainable 
(say twice as much as that used in the first test), leaving the 
circuit exactly as it was for the low frequency. Now vary the 
impressed voltage until the current flowing in the circuit is 
just the same as for the low-frequency run. Read current, 
volts impressed, and drop across each part, and watts used in 
whole circuit and in each part. 

Take two more sets of readings after having adjusted L, 
R, and C to different values. Keep the current for these two runs 
the same, not necessarily the same as for the two former runs. 

By direct current '^drop of potential" method measure the 
o^ 'Stance of the inductance coil, of the condenser, and of 
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the non-inductive resistance. If possible make these measure- 
ments of resistance with about the same value of current as used 
in the A.C. test to avoid errors due to heating. 

It will of coiurse be found that the condenser will not take as 
much current on the D.C. test as on the A.C. test; generally the 
current in the D.C. test will be so small that an ordinary ammeter 
gives no discernible deflection. 

The resistance of the condenser is most conveniently measured 
by use of a voltmeter of known resistance; if none is available it 
maybe remembered that the ordinary portable direct current volt- 
meter, such as used for laboratory work, has about 80 ohms resist- 
ance per volt of scale (thus a 150 voltmeter has about 12,000 ohms 
resistance). Take the voltmeter reading when connected directly 
across any convenient power source (say the no- volt laboratory 
supply) and again when connected to the same line with the con- 
denser in series. Calling V\ and V2 these voltmeter readings and 
Rf, the resistance of the voltmeter we can easily derive the relation 

-Ivc — /v» =^ . 

K2 

The value of Re so obtained by direct current measurement 
is the leakage resistance of the condenser, an entirely different 
quantity from the resistance obtained in the A.C. test by divid- 
ing the watts used in the condenser by the square of the current. 
The leakage resistance (or insulation resistance) will generally 
be many megohms for one microfared of capacity whereas the 
■equivalent series resistance, obtained in A.C. test, will be but a 
few ohms. Both these resistances vary inversely with the 
number of condensers connected in parallel. 

Calculate cos </>, for whole circuit, for the four different runs. 
Construct vector diagrams of the voltages across the different 
parts of the circuit and from these construct the resultant voltage; 
this should, of course, equal the impressed voltage, in magnitude 
and phase. Carry this construction out for the values obtained 
in each of the four sets of readings. On each diagram plot the 
measured value of impressed voltage for comparison with the 
vectorially obtained resultant. 
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Questions 

Compare the resistances as obtained in D.C. test with those 
ootained in A.C. test. Explain. 

What would be the power factor of the circuit if the induct- 
ance and capacity reactances were equal? 

Why does the arithmetical siun of the watts used in the dif- 
ferent parts of the circuit equal the total watts? 

Why does not the arithmetical siun of the different voltages 
equal the impressed E.M.F.? 

The voltage across one part of the series circuit may be larger 
than the impressed voltage. Explain. 

If an inductance of o. i henry and a capacity of lOo microfarads, 
are connected in series with a resistance of 5 ohms to a no- volt 
circuit, the voltage of which is held constant while the frequency 
is varied, at what value of frequency will the current be a max- 
imum, and how much will it be? What will be the drop ia 
voltage across the resistance, condenser, and inductance at 
this value of frequency? 

What will be the power factor and current in the above circuit 
when the impressed voltage has a frequency of 60 cycles? 

What is the reactance and what is the impedance of the cir- 
cuit at this frequency? 



EXPERIMENT HI 

The Alternator; its Characteristics, Measured and Pre- 
dicted.'*' The alternating current generator consists essentially 
of a coil of wire rotating in a magnetic field, the ends of the 
coil being connected to slip rings from which power is taken by 
means of brushes. Such a generator gives an E.M.F. which is 
continually reversing in direction. The air gap is so shaped 
and the coils so placed on the armature that the wave of generated 
E.M.F. is, as nearly as possible, a sine wave with respect to time. 
The magnetic field of the machine is obtained from electro- 
magnets which must be excited from some source of direct current 
power. This is one feature which distinguishes the A.C. from 
the D.C. generator, the latter being self exciting. In an alter- 
nating current generating station several comparatively small 
direct current machines, called exciters, are run merely to supply 
the field current for the alternators. 

The E.M.F. induced in an armature coil reverses ever}- time 
the coil passes a field pole and so makes a complete cycle for 
every pair of poles passed. To figure the frequency (number 
of cycles per second) an A.C. generator is supplying, it is only 
necessary to multiply the revolutions per second by the number 
of pairs of poles. 

For a given strength of magnetic field and fixed speed the 
generated voltage of an A.C. generator must remain constant, 
i.e., independent of load. As load is put on the machine with 
above conditions fixed the terminal voltage will, however, decrease, 
the decrease being nearly proportional to the load current. At 
loads greater than rated value the decrease in voltage is con- 
siderably greater for a given increase of load. When the load 

* Although the following tests are analyzed from the viewpoint of single-phase 
apparatus, we have found it more satisfactory to carry out Ex. 9 after Ex. 2, 
and then peifonu all of the machine tests with polyphase connections and loads. 
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is zero the terminal and generated voltages are equal. But when 
current is flowing through the armature windings, there occur 
in the armature coils, reactions which must be overcome by the 
generated E.M.F. As these reactions are proportional to the 
current it is evident that the terminal voltage will fall with 
increasing load, the generated E.M.F. remaining constant. The 
decrease of terminal voltage with load depends not only upon the 
amount of load, but also upon the kind of load, the decrease 
being much greater for inductive than for non-inductive loads. 
The reason for this will appear later. 

The voltage of a line to which incandescent lamps are con- 
nected should remain as nearly constant as possible. If the 
voltage decreases the amount of light given oflf decreases very 
rapidly, while if the lamps are operated at a higher than rated 
voltage, the life is materially shortened. A decrease of 5 per cent 
from rated voltage cuts down the amount of light from a carbon 
incandescent lamp nearly 30 per cent; an increase of voltage 
of 5 per cent above rating cuts down the life to 35 per cent of its 
rated value. Similar effects occur with tungsten incandescent 
lamps but not to such a marked degree, as the resistance of 
tungsten increases mth. an increase in temperature, while the 
opposite is true of carbon. 

The feasibility of maintaining constant voltage on the line 
when the load is varied is an important point to investigate. 
That alternator giving the most constant terminal voltage with 
varying load, will most satisfactorily carry a lighting load and 
will require the least field adjustment with change of load. If 
rated load is put on an alternator and the field current adjusted 
until rated terminal voltage is obtained, then maintaining field 
current constant, the load is taken off, the terminal voltage will 
rise and the amount of this rise is a measure of the regulation of 
the machine. By definition, 

. ^ ^ voltage at no load — voltage at full load 
Regulation (in %) = voltage at fuU lo^ ' 

The regulation of an alternator on non-inductive load will be 
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jDOCW^here from 5 to 15 per cent, depending upon the constants 
I the a-XTnature (resistance, inductance, etc.)- 

THe first part of this experiment consists in actually loading 
he g^ti^erator, and, by taking readings of terminal \'oItage and 
load cxxrrent, getting enough points to actually construct the 
curve, showing the relation between load current and terminal 
voltage, ^ich is called the external characteristic. For non- 
inductive load a water barrel or lamp board may be used; for 
inductive load a variable inductance coil is to be connected 
^ Parallel with the non-inductive load. The connections will 
t^ as in Fig. 14, in which A represents the lamp board and B 
^^ variable inductance. For getting the external character- 
istic with non-inductive load switch C is left open, and A, the 
iiotx -inductive load, is so varied that the armature current is 
^justed for the desired values. 

After the alternator is running at rated speed, adjust the load 
^il"ent and field current so that rated terminal voltage is obtained 
'^th rated current. Read the field current and maintain it at 




Lamps Of 
Water rheostat 



U^ 



Fig. 14 



this value throughout the run. Keeping speed constant, take 
readings of armature current and terminal voltage, witli values 
of current equal approximately to i^, ij, rated, J, J, { and zero 
load. 

To get the external characteristic with inductive load (corre- 
sponding to a commercial load of transformers, induction motors, 
etc.), the variable inductance must be used. The method of 
manipulating the inductance coil is as follows. Suppose thf 
machine is rated at 50 amperes at no volts and the power facta 
desired is 0.8. 
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\Mtfa maxiiTiHfn inductance in the coil, close switch C, ha\ing 
the voltage about normaL The watts necessary for full load 
current at .S power factor are iioX5oX-8=44oo. Adjust the 
lamp bank until the wattmeter reads approximately 4.4 K.W. 
Then decrease the inductance of coil B until the ammeter A reads 
about 50 amperes. Then adjust the field current to bring the 
terminal voltage to rated ^'alue and bring the reading of the 
ammeter A to exactly 50 amperes, and recalculate the power 
factor. A slight readjustment of loads A and B will probably 
be necessary to bring this to the desired value. Time should 
be taken to adjust conditions accurately for the full load setting; 
after the adjustment has been carried out as carefully as is 
feasible, read field current, armature current, terminal voltage 
and speed (which must, of course, be at rated value). Keep 
field current and speed at these values and proceed in similar 
fashion to get points on the external characteristic at about the 
same values as in the previous nm. 

Suppose for example the half load point on the cun'e is to 
be obtained. By inspection of the external characteristic 'for 
non-inductive load it is found the terminal \X)ltage was (let us 
suppose) 114 volts. As we know, the external characteristic 
for inductive loads rises more rapidly with decreasing load than 
does that for load of cos^=i; we assume that the terminal 
voltage when the machine is delivering 25 amperes at cos ^=0.8 
will be, say, 118. Then the volt-amperes at half load =118X25 
= 2950. If the power factor is to be 0.8, the output must be 
2950X0.8=2.36 K.W. So the load A (Fig. 13) is decreased 
until the wattmeter reads approximately 2.36 K.W. and then the 
inductance B is increased until the current, as indicated in the 
ammeter, is about 25 amperes. 

The terminal voltage is now read and power factor is checked. 
It is probable that the slight readjustment of the two load cir- 
cuits, A and B, will be required. It requires a deal of time to 
set for a certain power factor exactly; in this test it is satisfactory 
if the power factor is obtained within about 2 per cent, that is, 
if cos <!> is between 0.78 and 0.82. 
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The curves should look about like those given in Fig. 15 and 
should be plotted in similar fashion, the inductive chardiCieT' 




Loaf/ current 

Fig. 15 



istic being plotted in some manner to distinguish its points from 
the other cun^e. 

To determine experimentally the external characteristic of an 
alternator is always more or less expensive (because of the power 
used) and frequently it is difficult to find proper inductances and 
resistances for loading. The latter consideration is ver}' imi)ortant 
when the alternators are of high capacity and voltage. There- 
fore various methods for predetermining the characteristic have 
been devised. One of the simplest methods will be described 
here. 

WTien current is (lowing tl. rough the armature it offers resist- 
ance and inductance reactions to the passage of the current. 
For a given generated E.M.F. we can determine the terminal 
voltage by subtracting from the generated E.M.F. the two reac- 
tions in their proper magnitude and phase. The only measure- 
ments which it is necessary to make, for this scheme of pre- 
determining the characteristic, are the resistance and inductance 
reactions at some known value of current (rated current pr 
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erably). These two reactions, combined vectorially with the 
rated terminal voltage, give the generated voltage (as explained 
in Ex. 2). If from this generated voltage the reactions for any 
other value of current are vectorially subtracted the vector 
remainder will be the terminal voltage for that current. 
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Fig. 16 
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With the armature stationary and connections as in Fig. 16, 
impress enough A.C. voltage (of frequency same as that the 
alternator is rated to give) to force full load current through 
the armature with normal exciting current in the field coils. 
Read amperes, volts and watts. The voltage necessary will 
generally be about 20 per cent of the rated E.M.F. of the machine. 
Take four sets of readings with the armature in diflferent angular 
positions with respect to the field poles. Take the positions 
about 45° (electrical) apart. 

Calculate the resistance reaction by dividing the average 
watts by current. Obtain the average impedance drop and so 
calculate the average inductance reaction by the formula. 



Inductance reaction = Vimpedance reaction^ — resistance reaction^ 

Referring to Fig. 17, the method for predetermining the external 
characteristic for non-inductive load is given. The rated terminal 
voltage OEt is laid off in phase with the current OI. The resist- 
ance and inductance reactions are shown at OR and OX. The 
generated voltage is found as OEg, and the locus of the E.M.F. 
as the load varies is the circular arc through E^ described with O as 
center. At half load the reactions will be one-half as large (of 
course in same phase with respect to current as before) and the 
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generated voltage is the same. The terminal voltage is therefore 
found at OEI. At no load the terminal voltage 0£r" is equal 
to the generated voltage OE^. 

For inductive load the construction is very similar. If the 
jx>wer factor at which the characteristic is desired is cos </>, the 




Fig. 17 

rated terminal voltage is laid off along the line OA , making the 
angle </> with the assumed phase of the current 01. In Fig. 18 




^r< 



Fig. 18 

the construction is plainly indicated, so that further explanation 
is unnecessary. 

Construct the vector diagrams for prediction of the character- 
istics for loads of same power factors as were used in first part of 
test. Indicate on the curve sheet the points as obtained fro 
vector construction for loads of approximately those used in t 
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There exists in alternating current generators another effect 
which has not yet been mentioned; the armature current has an 
influence on the field strength of the alternator, and even if the 
field current be maintained constant, the generated E.M.F. 
OEg does not stay constant as the load is varied. For this 
reason the above simple scheme for predetermining the alterna- 
tor characteristic is not very accurate, especially for loads of low 
power factors. In this short course on testing, however, it io 
not feasible to employ one of the more complicated methods 
which do take account of the ar.iiature magnetizing or demag- 
netizing effect. 

Questions 

In this test it is convenient to use for the inductive part of the 
load, an iron core inductance with a variable air gap. How 
would you expect the current through the inductance to vary 
with the length of the air gap and why ? 

Assuming that the inductive circuit of the load has a negligible 
resistance, how much current is going through each branch of 
the load circuit (Fig. 14) when the meters read as follows: 112 
volts, 62 amperes, 5000 watts ? 

If the resistance of an armature is o.i ohm and the reactance 
is 0.3 ohm, and the terminal voltage is 125 when a non-inductive 
load of 40 amperes is being supplied, what will be the no-load 
terminal voltage ? 

With its armature stationary a certain machine had its armature 
connected to a 60-cycle line and the readings taken were: 18 
volts, 50 amperes, and 325 watts. What was the impedance of 
the armature ? Reactance ? Self-induction ? Resistance ? 



EXPERIMENT IV 



The Transformer; its Operating Characteristics; Analysis 
of Losses and Predetermination of Efficiency. The transformer 
is a stationary piece of apparatus by means of which A.C. power 
may be transformed from one voltage to another, either higher 
or lower. It finds its application where A.C. power is to be 
carried any considerable distance. For a given size of trans- 
mission line the power loss in the line varies as the square of 
the current, so that from the standpoint of efficiency the power 
should be at as high a voltage as the transmission line will safely 
carry. The voltage being high, the current will be correspondingly 
low and therefore the loss in the line low. At present it is not 
feasible to operate transmission lines at higher than 140,000 
volts; if a higher pressure than this is used the losses by leakage 
over insulators and actual leakage currents into the surrounding 
atmosphere become so great, that the efficiency of transmission 
begins to decrease because of these losses. 

A.C. generators are not economically built for E.M.F.'s 
exceeding perhaps 15,000 volts. At the point where power is 
used for motors, lights, etc., the required voltage is generally 
less than 440 volts. A possible problem then is to generate at 
perhaps 10,000 volts, transmit at 100,000 volts and utilize at 
200 volts. To accomplish these changes in voltage is the function 
of the stationary transformer. At the beginning of the line a 
"step up" transformer with ratio i to 10 would be used; at 
the end of the line a " step down " transformer of ratio 500 to i 
would be used. The latter transformation might possibly be 
carried out in two steps: the transmission line might be con- 
nected to the di^buting feeders with 50:1 transformers, and 
the supply for 'Rights, etc., be taken ofl the distributing feeders 
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by step down transformers of ratio lo : i. The difference between 
a " step up " and a " step down " transformer is merely one 
of service; a lo K.V.A. iioo-iio volt transformer is one which 
will transform lo kilo-volt amperes from iioo to no volts if 
used as a " step down " transformer or will transform the same 
amount of power from no volts to about iioo volts, when used 
as a " step up " transformer. 

A transformer consists essentially of a closed iron magnetic 
circuit upon which are wound two insulated coils of wire. The 
two coils are generally wound in sections, the different sections 
being so interspersed that the magnetic leakage between the t^vo 
coils is a minimum. On open circuit (i.e., the transformer sup- 
plying no load) the ratio of voltages is equal to the ratio of the 
numbers of turns of the two coils; as load is put on the trans- 
former the terminal voltage of the secondary will decrease slightly 
from this value. The name " secondary " is applied to that 
coil from which power is taken; the coil connected to the power 
supply line is termed the " primary." 

The operation of a transformer is essentially as follows: 
When the primary coil is connected to a source of A.C. power, 
a current will flow in the coil, and if there were no variation of 
permeability in the iron core this current would be of the same 
form as the E.M.F. wave of the source of supply. When varia- 
tion of the permeabilitj^ occurs to any appreciable extent in the 
iron core this exciting current is distorted in form, but alternates 
with the same frequency as the impressed E.M.F. The alter- 
nating current produces in the iron core an alternating magnetic 
field. Now any other coil threading the alternating magnetic 
field has induced in it an alternating E.M.F., the magnitude of 
which E.M.F. depends upon the number of turns in the second 
coil. The secondary E.M.F. has the same shape as the E.M.F. 
impressed on the primary. 

The exciting current (primary current with secondary open 

suited) is only a few per cent of the full load rated current of 
transformer. When the secondary is loaded with a certain 

rent a corresponding current flows into the primary because 
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of the reactions occurring between the two coils, the reactions 
being brought about by the magnetic field which is common to 
the two coils. 

If a constant E.M.F. is impressed on the prima r}- the second- 
ary terminal volts decrease somewhat with increase of load ; the 
decrease is caused by the resistance and inductance reactions 
which occur m the transformer itself. 

Three characteristics to be investigated in this test, are efli- 
ciency, primary power factor, and secondar)- terminal volts, 
the load to be non-inductive and the primar\' impressed E.M.F. 
to be maintained constant at rated value. 

The efficiency will be found to rise ver)' rapidly with the load 
and will be practically constant between \ full load and i} full 
load. There are no moving parts to the transformer and hence 
no mechanical losses to be supplied. This feature makes the 
transfonner the most efficient of all pieces of A.C. ai)paratus. 
The full load efficiency of a transformer may be between 92 and 
98 per cent, depending upon the capacity, being greater for the 
larger sizes. 

At no load. the power factor is yer)- low, perhaps 0.3 or 0.4. 
As load is put on, this rapidly increases and from \ load up will 
be between .98 and i.o, these figures being for non-inductive 
load on the secondary. At no load the secondary voltage is 
equal to the impressed E.M.F. multiplied by the ratio of the num- 
bers of turns on the primary and secondary. As load is applied 
the secondary terminal E.M.F. gradually decreases, the amount 
of decrease depending upon the amount of load and whether or 
not it is inductive. For non-inductive load the decrease from 
no load to full load may be about 5 i^er cent or less. 

In obtaining these three characteristics by loading, make 
connections as in Fig. 19. By the arrangement of tvvo double 
throw and two single throw switches as shown, only one set of 
meters is required. The most important reason for using this 
switching arrangement, however, is to get rid of calibration errors 
in the instruments. The efficiency and power factor being so 
high, the different meters have to be very accurate, if ab? 
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results are not to be obtained (efficiency greater than loo per cent, 
etc.). The voltmeter Vi is used merely to maintain the impressed 
voltage of the transformer constant. The input in volts, amperes 
and watts is obtained by having 5*1 and 52 thrown to the left, 
5*4 open and 53 closed. To get output, 54 is first closed, 5i 
and 52 thrown to the right, then 53 opened. The load is fixed 
at the desired value, then while Vi is maintained at the rated 
value of the transformer, both input and output are read. 

As the load is non-inductive, the wattmeter reading of output 
should equal volt-amperes output. If it is not so, a wattmeter 
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calibration curve is to be constructed, using wattmeter reading 
(of secondary load) as one ordinate and volts X amperes as the 
other. Calling the voltmeter and ammeter correct in their cali- 
bration, the correct wattmeter reading is thus given in terms of 
their readings. From this calibration cur\^e, correct the readings 
of input watts. The efficiency is then obtained as the quotient 
of watts output to watts input, corrected readings being used. 
The power factor of the primary is obtained as quotient of watts 
(correctec!) by volt-am]"eres of primary. The external character- 
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istic is obtained directly from the readings of secondary E.M.P. 
and current. 

There are two different losses which occur in the transformer: 
hysteresis and eddy currents in the iron core, due to the contin- 
ually reversing magnetic field, and the ohmic or copper loss, 
due to the currents flowing through the windings of the trans- 
former. The iron loss is practically independent of load as the 
strength of the magnetic field in the core changes but slightly from 
no load to full load. It is to be regarded as constant in this test. 

When there is no load on the transformer there is flowing 
in the primary coil merely the exciting current, the magnitude 
of which varies with different makes of transformers between 
2 and 8 per cent of full load current. In the secondary coil there 
is no current at all; when it is remembered that the copper loss 
varies with the (current)^ it is readily appreciated that the copper 
loss of the transformer with open secondary circuit is entirely 
negligible. The iron loss is, however, normal. The no-load input 
is therefore taken as being all iron loss; the loss is measured 
by using a suitable wattmeter in the primary and impressing 
normal E.M.F. at rated frequency; tlie secondary is to be open. 

The wattmeter to be used for obtaining this reading must 
have a potential capacity equal to the rated E.M.F. of the trans- 
former and a current coil of capacity equal to about 5 per cent of 
the current rating of the transformer. This wattmeter is to be 
used only for the iron loss test; be sure and remove it from the 
circuit before making the copper loss test which is described below. 

Because of the retentiveness of the iron magnetic circuit of 
the transformer, the current which is taken when the transformer 
is first switched to a line of rated voltage may be excessive and 
generally will cause damage to the wattmeter. To get rid of 
this possibility, before connecting the transformer to the line 
reduce the voltage of the line supplying the power to as low a 
value as possible, switch the transformer to the line and then 
gradually bring up the voltage to normal. Only one reading 
of the iron loss is necessary. 

The copper loss may be put equal to (Ip-Rp+IrRs) wl 
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/; and /, represent the primary and secondary currents and Rp 
and R, represent the two resistances. If o is the transformation 
ratio of the transformer we must have I,=al,. The secondary 
coil will then have a times as many turns as the primary and the 
cross section of the secondary wire will be i/a times as large 
as that of the primary for the most efficient use of the copper 
wire. We therefore have R4 = a^Rp. 
Therefore copper \oss = Tj^R„+IJ'R, 

= I.^iR.+R.) 

=I?R; 
iriiere R is what we may call the equivalent resistance of the 
transformer. If the copper loss is measured for any value of 
/„ R can be computed. If connections are made as in Fig. 20 
the copper loss may be measured. With the secondary short 
circuited only a very small impressed E.M.F. is necessary to 
cause full load current to flow in the secondary circuit. If then 




the wattmeter reading is taken, it represents the copper loss in 
both coils for full load secondary current. It is well to excite 
the alternator field by a potentiometer comiection to the D.C. 
line; the voltage may be reduced as low as desirable with this 
scheme of connections. 

The wattmeter used in this test must have a current capacity 
tgual to full load current of the primary. It will likely be neces- 
sary to use a small potential transformer if to get sufficient E.M.F. 
on the wattmeter to give a readable deflection. The wattmeter 
reading must then be divided by the ratio of M. 

A small iron loss is incurred in this test, but it is so small as 
o be negligible. The iron loss varies nearly widi &x impressed 
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E.M.F. to the 1.6 power and so is very small when the impressed 
EJVl.F. is small. 

After if is computed from the copper loss test, the curve of PR 
may be plotted by taking suitable values of /. The two loss 
curves have the form given in Fig. 21, and they may be used to 
predict quite accurately the efficiency of the transformer for 
different loads. The total loss cur\'e is plotted as the sum of 
the iron and copper losses. Suppose the curves represent the 
losses in a transformer whose secondary voltage is 100 (assumed 
constant for this calculation with practically no error involved.) 
At 40 amperes output, non-inductive load, the watts output = 



^ Total loss 
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100X40—4000. From the loss curve it is seen that with 40 
amperes output the loss is 115 watts. The input must there- 
fore be =4000 + 115 = 4115 watts. The efficiency = output/ 



input = 



40C0 



The efficiency for any other output may be 



411S 
similarly computed. 

Make the load test called for and plot the three character- 
istics on one curve sheet with current output as abscissa. 
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Measure the two losses as described; plot the results on a 
second sheet and calculate the eflBciency for several outputs. 
Plot the efficiency points so obtained on curve sheet No. i, to 
see how nearly the predicted values of efficiency agree with the 
measured values. If discrepancies occur it is likely that the 
predicted values are the correct ones, as this prediction method 
is more accurate than the actual measurement. 

The other characteristics may also be predetermined, as was 
the efficiency, but it is not thought well to further complicate 
the test. 

Questions 

A lo : I transformer has a" primary resistance of 13. i ohms 
and a secondary resistance of 0.125 ohm. What is the equiv- 
alent resistance of the transformer in terms of primary current ? 

A certain transformer has a primary rating of 11,000 volts 
and 100 amperes. The exciting current is 7 per cent of full 
load current and the iron loss is 16.5 K.W. What is the no- 
load power factor? 

What are the active and reactive components of the exciting 
current? If the copper loss of above transformer is 5.5 K.W. at 
half -load, what is the full load efficiency? What is the equivalent 
resistance in terms of primary current ? 

A certain transformer has a rating of no volts, 70 amperes. 
Its full load efficiency is 96.5 per cent. The input at no load 
(rated frequency and voltage impressed on primary) is 122 
watts. What is the copper loss at quarter load ? 

A transformer is used for supplying power to induction motors, 
the average power factor of which is 0.70. What must be the 
rating (in kilovolt-amperes) of a transformer suitable for sup- 
plying 65 K.W. of power to this load ? 

A lo-kilovolt-ampere transformer supplies its full rated 
output to a lamp load for 2 hours a day and half load for ij 
hours a day. Its full-load copper loss is 2 per cent of its rating 
and iron loss is ij per cent of its rating. What is its all-day 

iency? 



EXPERIMENT V 

The Induction Motor ; its Operating Characteristics with and 
without Added Rotor Resistance. For such puq)Oses as raiuire 
a driver of practically constant spccfl when dtcmating current 
power is available, the induction motor is nearly always used. 
Its speed is not quite constant, but decreases as the load is 
increased; the decrease in speed, or " slip," as it is called, may 
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Fig. 22 

be between 5 and 8 per cent at full load, the slip being expressed 
in percentage of synchronous speed. A motor which runs at 119S 
R.P.M. at no load for example, might run at 1126 R.P.M. 
at full load; it would have a slip of 6 per cent. 

Nearly all induction motors are polyphase, i.e., they are fed 
from a network of conductors, from which currents of different 
phases may be taken. Of all polyphase systems the three phasj 
is most important, but as the t^iv^o phase motor ser\-es as well for 
analysis as the three phase and is somewhat simpler to represent 
it will be described here. 

A two phase generator is one having usually two entirely sep- 
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arate coils. The cofls are idoitical in every respect except their 
posititHi on the armature, one coil being placed 90° (electrical) 
behind the other. The two coils are connected each to two slip 
rings and the two phase power is distributed (mi four wires, 
(Three rings and three wires may sometimes be used.) If two 
similar loads are connected to the two phases, the currents in 
these load circuits will have the form and phase relati<xis given 
in Fig. 22. 




Suppose now that we have a two phase induction motor with 
the stator ('stationary part) wound with two sets of coils on poles 
as shown and that the two coils are connected to a two phase 
system as shown. By reference to Fig. 23, the polarity of the 
magnetic field of the motor may be determined at any time, and 
in Fig. 23 this polarity is represented for the different times 
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shown in Fig. 22, by the letters .V, 5, O, on the different circles. 
Circle numbered i shows the polarity of the field at time i. It 
may thus be easily seen that a magnetic field produced by two 
windings 90° apart and supplied with currents 90° apart is 
essentially a rotating one, the A' pole traveling in a clockwise 
direction in Fig. 23. Three windings spaced 120° apart and 
supplied with three phase currents 120° apart likewise praluce 
a rotating magnetic field. The stator of an actual induction 
motor is not built exactly as shown; there are no separate i)ro- 
jecting pole pieces; the different windings are imbedded in slots, 
like the winding of a D.C. armature. 

The rotor, or moving part, consists of a laminated iron core 
accurately fitted to turn between the jjoles of the stator. In the 
peripher}' of the rotor are imbedded conductors which may be 
interconnected in different ways. In the scjuirrel cage winding 
the conductors are all short circuited on one another by being 
connected to conducting end rings. Or the rotor may be 
equipped with wound coils and the ends of the coils be connected 
to slip rings. Brushes bearing on these rings make it feasible 
to short circuit the coils if desired or else the brushes may be 
connected together through resistances, thereby increasing the 
resistance of the rotor circuit. This scheme of having a wound 
rotor and inserting external resistance when desired is used 
in most large size motors; the squirrel cage rotor is generally not 
used in motors over 15 H.P. in capacity. Motors built for special 
service, however, may have squirrel cage rotors in sizes as high 
as 75 H.P. or larger. 

Consider the squirrel cage rotor in the rotating magnetic 
field. If the rotor is standing still and the magnetic field is 
revolving it is evident that an E.M.F. will be developed in the 
rotor winding and as the winding is short circuited, a current 
will flow in the rotor conductors. But it is a fundamental 
principle that a conductor carrying current placed in a magnetic 
field will be acted upon by a force. By consideration of the 
motion of the field, direction of inducal E.M.F., etc., it may be 
shown that the force acting in the rotor conductors will be in such 
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a direction that the rotor is urged to revolve in the same direction 
as the magnetic field. Just so long as there is relative motion 
between the rotor and magnetic field, a torque will be produced 
which tends to accelerate the rotor. If there were no losses 
of any kind in the revolving rotor it would continue to accelerate 
until the relative motion of rotor and field was zero, i.e., the rotor 
would turn at the same angular speed as the field, called synchronous 
speed; the slip is then zero. There always exists some brush 
friction and w^indage to overcome, so that it is always necessary 
for the rotor to exert some torque, therefore the rotor never quite 
reaches synchronous speed ; at no load the slip may be between 
.2% and i.o%. 

Now as the rotor is called upon to exert more torque, more 
current must flow in the rotor conductors; this can only occur 
if a greater E.M.F. is induced in them, which in turn requires an 
increase in the slip. The slip must therefore increase with load ; 
for small loads the slip and load are nearly proportional. 

The effect of increasing the rotor resistance is to increase 
the slip necessary to exert a certain torque. The reason for this 
is almost self evident. To exert a certain torque requires a 
certain current in the rotor; but if the resistance of the rotor 
circuit is increased, the E.M.F. must be correspondingly increased 
to produce the required current. The E.M.F. can only increase 
by an increase in slip. The increase in slip for a certain torque, 
by increase of the rotor circuit resistance, is only obtained* 
by a decrease in efficiency. Whatever heat is generated in the 
external resistance added to the rotor circuit, is just so much loss, 
as it is useless in producing turning effort in the motor. 

The maximum torque which an induction motor can exert 
is independent of the variations of the rotor resistance. But the 
speed at which this maximum torque occurs decreases with in- 
crease of resistance. Therefore the " pull out " point, or maxi- 
mum output of the motor, decreases with addition of external 
resistance to the rotor circuit. 

The power factor of the induction motor is very low at light 
loads, increases with load up to about rated load, and then decreases 
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again with overload. It may be about 30 per cent at no load 
end rise to between 80 and 93 per cent for maximum value, the 
higher figure being for large size motors. 

At standstill the induction motor is cssentiallv a s!iort-cir- 
cuited transformer, the rotor corrcsjionding to the sccondar)' 
or a transformer. But if a short-circuited transformer is con- 
nected to a line of normal voltage the current taken is excessive, 
being perhaps 20 or 30 times fuU load value. Ikxrause of magnetic 
l:akage between rotor and stator the conditions in the induction 
motor at starting (rotor at standstill) are not (juite so bad as 
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with an ordinary transformer. However, the starting current 
when an induction motor is connected to a line of normal voltage 
is excessive and it is the principal object of the added extemd 
rqtor resistances to limit this starting current. 

Another effect of introducing resistance in the rotor circuit 
at starting is to increase the starting torque. An induction motor 
exert its maximum torque when the rotor reactance is jus! equal 
to the rotor resistance. The rotor reacttoce varies directly 
with the slip and at standstill is much greater than the resist- 
ance in the ordinary rotor winding. By inserting extra resist- 
ance at starting, the resistance is brought equal to the reactance 
and maximum torque is exerted at starting, a very favoraW' 
condition when the motor has to start line shafting, etc. As 
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motor speeds up the extra resistance is cut out in steps and if 
properly done, the equality of resistance and reactance is nearly 
maintained as the motor speeds up; thus the rotor may be made 
to exert approximately its maximum torque all the time during 
which it is accelerating. 

With a polyphase induction motor three runs are to be made, 
one with the rotor short circuited and two with additional resist- 
ance in the rotor circuit. If a two phase motor is used make 
connections as in Fig. 24, and if three phase, as in Fig. 25. Note 
the effect on the direction of starting of reversing the connections 
of one phase; of reversing two phases. 




To starting 
resistance 



1 



Fig. 25 



Instead of using two sets of instruments as shown in above 
figures, a single set of instruments may be used with the combination 
of switches given in Ex. 4. 

In measuring three-phase power with two wattmeters as above, 
one wattmeter will read negative if the power factor of the motor 
is less than .5. Begin the run at full load and connect the watt- 
meters so that positive readings are obtained on both phases; 
at full load the power factor will surely be greater than .5. As 
the load decreases one wattmeter reading will decrease faster 
than the other, will reach zero at perhaps one-quarter load and 
at lighter load will deflect backward. Under this condition the 
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potential coil is to be reversed, reading taken and called negative, 
i.e., the motor input is the difference of the two wattmeter read- 
ings. No such difficulty will be encountered with the two-phase 
lour-wire systems given in Fig. 24, but may arise if a three-wire 
two-phase system is used for power. 

Calculate the full load torque of the motor (assuming no slip) 
and take readings of input, torque and speed for about eight 
values of torque between zero and 50 per cent overload. Keep 
impressed voltage and frequency at rated values of the motor. 




H.P. Output 
Fig. 26 



Make this rim with the rotor short circuited and make similar 
runs with two different values of added resistance in the rotor 
circuit. The greater value of resistance should be about suffi- 
cient to give the rated full load torque at half synchronous speed ; 
the other resistance to be about one-half this value. 

The curves obtained from test should look similar to those of 
Fig. 26, which were obtained from a 10 H.P., 60 cycle, 220 volt, 
2 phase motor. 
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The next characteristic of the motor to be investigated is the 
relation of starting torque and current to the resistance of the 
rotor circuit. Apply one-half rated voltage (at rated frequency) 
to the motor, having the rotor locked. Take readings of torque 
and current for the different points of the starting resistance. 

Find out how much starting torque a single-phase induction 
motor has; this may be tried by opening one of the lines supplying 
the power to the stator. The stator will then be supplied with 
single-phase power only, and it will be found that imder such 
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conditions the motor exerts no starting torque whatsoever. It 
however, the motor is allowed to reach normal running speed 
while supplied with polyphase power and then one line is opened, 
it will be found that the motor will run all right and will carry 
nearly full load before the " pull out " point is reached. 

Measure resistance of rotor and of the various steps of the 

starting resistance, if they are not given. Plot curves of starting 

torque and current against rotor circuit resistance. The results 

' ^'Id be somewhat of the form of those given in Fig. 27, which 

the same motor as the curves of Fig. 26. 
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Questions 

What will be the no-load speed of a 6-pole 6o-cycle induction 
motor? Of a 4-pole, 25-cycle motor? What would be the 
approximate full-load speeds of these two motors, assuming no 
resistance is added to the rotor circuit ? 

Could an induction motor be obtained from a manufacturing 
company, which would give a no-load speed of 1000 R.P.M. 
when operated on a 60-cycle line? How many poles would it 
have? 

If a 60-cycle, 8-pole motor is made to give a full-load speed 
of 450 R.P.M. by added rotor resistance, about what efficiency 
might be expected ? 

If a three-phase induction motor has a fuse blown in one line, 
how much starting torque will the motor exert ? 

If the brushes on the slip rings of a wound rotor induction 
motor are lifted, how much torque will the motor exert ? Why ? 

A 60-cycle motor has a slip at full load of 8 per cent The 
self-induction of a rotor coil is 0.00 1 of a henry. The resistance 
of the rotor coil is 0.05 ohm. What is the impedance of the 
coil at full load ? At standstill? 



EXPERIMENT VI 

The Sjmchronous Motor; Phase Characteristics and Phase 
Shifting with Load. If t^iv'O alternating current generators are 
operating in parallel, supplying power to the same line, and the 
driving power is taken away from one of them, it will ordinarily 
continue to run at exactly the same speed it had before (provided 
the other alternator does not slow down) and it draws from the 
other alternator the power necessary to run itself. An alter- 
nator so running is termed a synchronous motor, ia.s it runs exactly 
in synchronism with the alternator supplying its power. This 
point is to be emphasized; a 6-pole synchronous motor rimning 
from a 6o-cycle power line runs at 1200 r.p.m. no load and 1200 
r.p.m. full load, and continues to run at 1200 r.p.m. as the load 
is further increased, until the " pull out " point of the motor is 
reached at perhaps 50 per cent overload; when this load is reached 
the motor pulls out of synchronism with the line and stops. As 
soon as it pulls out of step it draws an excessive current and the 
protective apparatus either at the motor or in the generating 
station must open if disastrous results are not to be incurred. 

A synchronous motor is generally not self-starting; some 
auxiliary driving power must bring it up to synchronous speed 
and when the proper conditions are reached the switch connect- 
ing the motor to the supply line is closed. A polyphase s>Tichron- 
ous motor is sometimes started as an induction motor, in which 
case, of course, no auxiliary starter is necessary. In this method 
of starting the field is left unexcited, the armature is connected 
to some low voltage taps (generally 50 per cent normal or less) 
on the supply transformers. The armature draws a rather 
heavy current, perhaps 100 per cent in excess of full load, and 
this armature current induces eddy currents in the pole faces. 
The interaction of the armature current and these eddy currents 
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tend to make the armature rotate. It will continue to accelerate 
until it reaches synchronous speed ; the armature is then connected 
to the normal voltage taps of the supply transformers and the 
field gradually excited until normal field current is reached. Tn 
revolving field synchronous motors where this method of starting 
is used, each pole face of the machine is pierced by a number of 
brass or copper rods placed parallel to the shaft; the ends of 
these rods are connected to brass short circuiting rings. The 
machine thus starts as a squirrel cage induction motor. 

The connection of the armature to one-half voltage taps and 
then to normal voltage taps is accomplished by a double throw 
switch; the. transition is made as quickly as possible so that the 
motor has no time to slow down during the process. 

The disadvantage of this method of starting is the large 
starting current taken from the . line at very low power factor; 
the resultant fluctuations in the line voltage may seriously inter- 
fere with the operation of other synchronous apparatus connected 
to the line; in fact, if the fluctuations in line voltage are large, 
other synchronous apparatus may actually fall out of step. In 
spite of these disavantages the method is a very common one for 
starting revolving field synchronous motors. 

Another method for starting a synchronous motor is 
to use a small induction motor, the rotor of which is mounted 
on the extended shaft of the synchronous motor. The induction 
motor may be lo per cent the size of the synchronous motor; 
it must have at least one pair of poles less than the synchronous 
motor; and it is so designed that when its load is equal to the no 
load losses of the synchronous motor (core loss and friction) it is 
turning the synchronous motor at synchronous speed. After 
the synchronous motor is connected to the line, power is cut off 
from the induction motor and the rotor runs idle. 

The switch connecting the armature of the synchronous motor 
to the supply line is called the synchronizing switch. Before 
this may be closed four conditions must be fulfilled, unless the 
induction motor principle, as described above, is used for starting 
the motor. These conditions are: 
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1. Motor voltage equal to line voltage. 

2. Motor frequency equal to line frequency. 

3. Phase of motor voltage exactly opposite to that of line. 

4. Wave form of motor E.M.F. must be nearly similar in 
form to wave of line E.M.F. 

The first three conditions may be adjusted by the operator, 
the fourth is satisfied or not when the machine is built. As was 
mentioned in the discussion of the alternator, the wave form of 
an A.C. machine is determined by the shape of air gap and pole 
piece and the distribution of the armature windings. 

By analyzing the four conditions named, it is seen that they 
demand that the motor voltage shall at every instant be equal 
and opposite to the line voltage. If that were not the case a 
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heavy current would flow through the armature due to the im* 
balanccd voltage; the current will be large even for a small un- 
balancing of voltage, because of the low impedance of the armature. 

The first two conditions can be satisfied by the use of a volt- 
meter and speed counter when frequency of line supply is known. 
To determine the third condition, synchronizing lamps or a syn- 
chronoscope must be used. The synchronoscope is an indicating 
instrument having two internal circuits, one of which is connected 
to the line and one to the motor. The position of the pointer 
indicates the relative phases of the two E.M.F. 's. 

Lamps are to be used in this test, so their action will be more 
fully described. One lamp is connected across each blade of 
the synchronizing switch -4, as in Fig. 28. The lamps will 
'^'cker as the motor phase changes with respect to the line phase. 

y complete a circuit consisting of the motor armature, the 
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line and armature of the generator supplying the line. In this 
circuit there are acting two E.M.Fs,, that of the motor and that 
of the generator. At any instant the eflfective voltage causing 
current to flow through the lamps is the resultant of the two; 
as their relative phase changes, the resultant changes and has for 
its locus a circle as shown in Fig. 29. The resultant voltage 
for any position of Em is seen to be OR, the chord to the circle 
from the point O. The current through the lamps, and therefore 
their brilliancy, will increase as the motor voltage Em catches up 
(in phase) with Eg and will decrease as the two E.M.Fs. separate 
in phase. There will be no current through the lamps when Em 
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Fig. 29 

is just opposite in phase to Eg; condition No. 3 is therefore 
satisfied when the lamps are dark and this is called the " dark " 
connection for synchronizing. With the lamps connected diago- 
nally across the switch, the proper time for closing the switch is 
at the middle of a bright period. 

After having adjusted the motor voltage to equal the line 
voltage, the speed of the motor is so adjusted (by adjusting its 
driving motor) that the lamps flicker once in 4 or 5 seconds; 
the switch A is then closed in the middle of a dJirk or bright 
period, according to the connection of the lamps. The pc 
suppl}ring the starting motor may then be cut off. 
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If a three phase motor is used, it is necessary to use three 
synchronizing lamps, one connected across each pole of the three 
pole synchronizing switch. The lights must flicker together; 
if they are bright and dark in rotation instead of simultaneously, 
one of the phases is incorrectly connected and tw^o of the supply 
lines must be reversed in their connection to the motor. 

One of the important features of the synchronous motor is 
well shown by the set of curves called " phase characteristics." 

If the load on a synchronous motor is kept constant and the 
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field current varied, the armature current is caused to vary in 
about the fashion indicated in Fig. 30. It is this curve, drawn 
between armature current and field current as variables, which 
is called the phase characteristic. For any load a certain definite 
field current gives a minimum armature current. This value of 
field current gives the so called normal excitation. For any value 
of field current other than normal the armature current is greater 
than that taken with normal excitation. 

Now as the load of the motor is supposed constant the powei 
mponent of the armature current must- remain practically con- 
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slant. It must be, therefore, that any other than normal excita- 
tion on the motor produces in the armature a wattless or reactive 
current, which, being 90° out of phase with the motor voltage, 
represents no expenditure of power in the motor. In fact an 
overexcited synchronous motor draws a leading current from 
the supply line and an underexcited motor a lagging current, 
as shown in Fig. 31. OE is the phase of the line voltage and 
01 is the armature current for no load with excitation OCy Fig. 
30. Excitations OA and OB result in armature currents AIi, 
and BI2, Fig. 30, which are represented vectorially in Fig. 31; 
as Oil and OI2. 

If the speed of a synchronous motor is independent of load 
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the question arises, how does the motor adjust itself to take more 
or less load ? The phase shifting of the motor armature is what 
accomplishes this end. 

The E.M.F. causing current to flow through the armature 
of the motor, is the vector resultant of the motor voltage and line 
voltage. This resultant varies with the variation of the phase 
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difference of the two E.M.Fs. In Fig. 32 are shown two 
positions of E^, the motor voltage, with respect to a fixed line 
voltage £i. The resultant, OEr, is the E.M.F. causing current 
to flow in the motor and this changes widely with a small shifting 
of OEm. The current 01 is equal to the voltage OEr divided 
by the armature impedance. It is laid off behind OEr by the 
angle 0, where 

armature reactance 



tan 



armature resistance 



It is variation of the angle a, giving the phase position of 
the armature, which permits the motor to take more or less 
load. 

The variation in a may be easily determined. Suppose that 
two insulated discs with metallic strips (as used in Ex. i) are 
placed one on the shaft of the generator supplying the power and 
one on the shaft of the motor, and that a voltmeter is wired to 
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o 

Fig. 32 

a II o- volt circuit through these two discs and their brushes 
(Fig- 33)' The voltmeter will indicate only if the two brushes 
are in contact with the metal strips at the same time. The brush 
on the motor moves over a graduated arc so that its position 
may be read and the brush on the generator remains stationary. 
The position to which the motor brush must be moved before 
the voltmeter gives maximum deflection gives the phase position 
of the motor armature with respect to the generator armature, 
the generator is large compared to the motor, its armature 
ution is also a measure of the phase of the E.M.F. impressed 
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on the motor. It will be found that the value of a is almost 
directly proportional to the load. 

With the connections as in Fig. 34, obtain the phase charac- 
teristics of the motor for no load, J load and full load. On each 
curve get about 8 points, using for armature current not more 
than 150% of the rated current of the motor; i.e., in Fig. 30, OY 
should not be greater than 50% above the rating of the motor. The 
motor may be loaded by Prony brake or, what is more convenient, 
by a D.C. generator. The generator may be used as a starting 
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motor xmtil the A.C. motor is synchronized and then it may be 
used as generator to load the synchronous motor. 

In getting the phase characteristics it is not necessary to know 
the exact load on the motor; J rated current may be used as half 
load, etc. 




D.C. 




Fig. 34 

The impressed voltage and frequency are to be held constant; 
read volts, amperes, watts input and field current. 
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Then adjust the field current to the value for minimum 
armature current at no load. Adjust the brush on the motor 
disc imtil the voltmeter shows maximum deflection, and read 
brush position. Read also impressed E.M.F. and field current, 
which are to be maintained constant, and also watts and amperes 
supplied to armature. 

Put on load in about 8 steps from no load to 50 per cent 
overload, taking same readings as for no load. 

Plot on one sheet, against field current as abscissa, watts 
input, amperes input and power factor for each of the runs. 

Plot on a second curve sheet, watts input to motor (armature 
input only) against brush position as abscissa. Note whether 
the brush is moved with or against the direction of rotation as 
load is increased, and so determine whether the motor armature 
is advanced or retarded in phase as the load on the motor is 
increased. 

Questions 

If a line shaft is to be driven by a direct connected synchronous 
motor, what speeds are ordinarily obtainable if the power supply 
is 60-cycle? If 25-cycle? 

A single-phase synchronous motor is drawing 125 amperes 
from a 2300- volt line at a power factor of 0.70, leading current. 
How much power is being supplied to the motor? How much is 
the leading component of the armature current? 

A synchronous motor is to be used as a synchronous con- 
denser to compensate for the lagging component of current taken 
by an induction motor load. The induction motor load is 65 am- 
peres at a lagging power factor of 0.76; the line voltage is 6600. 
Assuming that it requires no power to run the synchronous 
condenser, what must be its rating to just neutralize the lagging 
current of the motor load? What must be its rating if the power 
factor of the line is to be increased from 0.76 to 0.95? With the 
latter condition what will be the current taken by the motor if 
it is also required to deliver mechanical energy as well, at the 
rate of 200 horse-power (assuming motor eflSciency is 90 per cent)? 



EXPERIMENT VII 

The Rotary, or Synchronous, Converter; Effect of Voltage and 
Speed upon Ratio; Operating Characteristics. The efficient 
transmission of electric power over any considerable distance 
requires the use of alternating currents, as explained in Ex. 4. 
Practically all motors for driving electric trains are D.C. motors; 
although alternating current motors have been used in some 
few cases, the field of electric traction in America is so exclusively 
controlled by the direct current motor that from the general 
standpoint the A.C. motor need not be considered. The char- 
acteristics of a small A.C. series motor are given in Fig. 35. 
Also in dotted lines are given the characteristics of the same 
motor nm with direct current power; the superiority of its 
beha\'ior as a D.C. motor is so evident that nothing further need 
be said regarding the comparative merits of A.C. and D.C. rail- 
way motors. 

The electric railway generating station is always located 
where water and coaling facilities are good, and A.C. power is 
generated. This power is transmitted at a high voltage to a 
substation where the voltage is stepped down. It is the function 
of the rotary converter to change this low voltage A.C. power 
into D.C. power for use in the car motors. 

An elementary explanation of the performance of a rotary 

converter may be given by supposing that the winding of a D.C. 

shunt motor is tapped (on the end opposite to the commutator) 

at two points 180° (electrical) apart. These two taps are to 

be connected to two slip rings. Now any winding revolving in 

a magnetic field generates an alternating E.M.F. If the winding 

is connected to slip rings an alternating current is delivered "-^ 
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the outside circuit; if the winding is connected to a commutator 
the delivered current will be direct. From this it follows that 
the shunt woxmd motor would have on its slip rings an alternating 
E.M.F.; if the rings are connected to an external circuit an 
alternating current will flow from the A.C. brushes and a cor- 
responding increase in the D.C. input will occur. Such a machine 
converts D.C. power into A.C. power; it is ordinarily termed an 
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" inverted " rotary. If now the fimction of the machine is reversed, 
i.e., A. C. power is supplied to the slip rings, the machine run- 
ning as a synchronous motor, and D.C. power is taken from the 
commutator end, it will be operating as a rotary converter normally 
does. The amoimt of A.C. power input depends upon the amoimt 
of D.C. power output. 

The efficiency of a rotar}'^ varies, of course, with the size, 
being perhaps 95 per cent in the larger machines and 85 — 90 per 

♦: in the smaller ones. 
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The distinctive feature of a rotary of the ordinary type is the 
ratio of A.C. to D.C. volts. For a single phase machine it is 
.707, for a three-phase machine .612; it is a constant which 
depends only on the number of A.C. taps. For a given impressed 
A.C. voltage the D.C. voltage is nearly independent of load; it 
decreases somewhat with increase of load because of the imped- 
ance drop in the armature windings. 

The power factor of the A.C. input will depend upon the 
value of the field current; in this respect the rotary is exactly 
similar to the synchronous motor. Under ordinar}' conditions 
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the field current should be adjusted to that value which gives a 
minimum armature current for the load being carried ; this value 
of field current does not change much with the load ; if adjusted 
for one load it will be nearly correct for any other. 

The coils of the armature carry the instantaneous difference 
of the A.C. and D.C. currents, the form of the current flowing 
in any one coil being displaced sections of a sine curve. The 
form of the current wave in the coils, one close to the tap and 
one half way between taps is shown in Fig. 36. The peculiar 
shape of these current waves results in unequal heating in the 
different coils of a rotary, those nearest the taps getting hottest. 
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Because of the fact that the D.C. and A.C. currents in the 
different coils tend to neutralize one another the capacity of a 
given machine is considerably greater run as a rotary than as an 
alternating or direct current generator. A certain size machine 
used as generator or rotary has capacities as follows: 

D.C. generator capacity = loo K.W. 

Single phase A.C. generator capacity = 70.7 K.W. 
Single phase rotary capacity = 84.8 K.W.; 

Three phase rotsiry capacity =i33-8 K.W.; 

Six phase rotary capacity =193.7 K.W. 

The above values are for power factor of one. For other 
power factors the values are somewhat different. 

Because of the fact that the ratio of D.C. to A.C. voltage 
is fixed for any given rotary, it might seem that a rotary could 
not be compounded, i.e., give a D.C. voltage increasing with 
load. In one way this is true; for a given impressed A.C. voltage 
the D.C. voltage cannot be increased, but in practice the impressed 
A.C. voltage is made to increase with load, thereby making the 
D.C. voltage rise also. 

Recently a special type of rotary using field poles in tA^o 
sections has been developed; in this rotary -the ratio of E.M.F.'s 
is not fixed. In a small laboratory machine of this type, by 
proper adjustment of the currents in the two sections of the pole, 
the D.C. voltage may be made to vary from 90 to 135, while the 
impressed A.C. voltage is kept constant at 88. This is a very 
special type of machine and not much used as yet. 

The ratio of an ordinary rotary having the A.C. taps separated 
by the angle a, measured in electrical degrees, is given by the 
formula, 

^ ^ , D.C. volts . a 
A.C. volts = 7= — X sm -. 

There are several methods for starting a rotary and bringing 
it into s}Tichronism with the A.C. line. Either of th3 two methods 
described for a synchronous motor may be used and there is in 
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the rotan' the additi<nial possibility of starting from the D.C. 
end as a D.C. shunt motor. This is a convenient method for 
use in the laboratory as D.C. power is always available. In 
substations D.C. power may not be available, imder which con- 
dition one of the methods employing A.C. power must be used. 

For starting from the D.C. end it is necessary to have a D.C. 
line of at least the rated vdtage of the machine. For a single 
phase machine rated at no volts A.C. the necessary D.C. voltage 
is 1 107.707 = 157 volts; for a three-phase no volt A.C. rotary, 
the necessary D.C. voltage is iio/.6i2 = i8i volts. A D.C. 
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Fig. 37 

Starting rheostat is used as with a D.C. motor. The rheostat 
resistance is decreased imtil the impressed D.C. voltage is just 
that necessary to give the required A.C. voltage. Then the 
rotary is bought into synchronism with the line by changing the 
field current; a synchroscope or sMichronizing lamps, as with 
the synchronous motor, may be used to indicate the proper time 
for closing the synchronizing switch. 

Two nms are to be made with the rotar)-, one running from 
the D.C. end to determine the ratio of the converter and its pos- 
sible variation and the second to get the operating characteristics 
of the machine when running from the A.C. end, as it is normally 
designed to do. 

For making these two runs it is convenient to make connections 
as given in Fig. 37. The rotary represented is a single-phase 
machine designed for no volts on the A.C. end. 
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In testing the voltage ratio make one run, keeping the impressed 
D.C. voltage constant, and vary the speed through as wide a 
range as possible by changing the field strength; read A.C. volts, 
D.C. volts and speed. Then take another nm with various D.C. 
voltages impressed, keeping the speed constant by variation of 
field strength; read same as before. 

In taking the load nm the machine is first to be synchronized 
with the A.C. line. After the starting rheostat, R has been so 
adjusted that the rotary A.C. voltage is equal to that of the A.C. 
line, change the speed (by field variations) until the synchronizing 
lamps indicate synchronism, and then close the synchronizing 
switch in the middle of a dark period, with lamps connected as 
in Fig. 37. Of course ** bright " connections of lamps may be 
used if desired. When synchronized the D.C. supply line is 
to be opened and the switch thrown over to load side. 

Adjust the value of field strength so that at no load the A.C. 
armature current is a minimum. Leave the field circuit resistance 
constant at this value and put load on the D.C. end of the rotary 
in about 8 steps between zero and 50 per cent overload. Keep 
impressed A.C. voltage constant. Read A.C. volts, amperes, 
and watts, field current, D.C. load current and D.C. volts. 

On one curve sheet plot the ratio values obtained in first nm, 
using ratio as ordinates. On second curve sheet, plot curves of 
D.C. volts, efficiency and power factor, using D.C. load current 
as abscissae for all cunxs. 

Questions 

What voltage must be impressed on the A.C. end of a 
three-phase converter if the voltage on the D.C. end is to be 

600? 

If this converter is to be compounded 50 volts on the D.C. 
end, how much must the voltage impressed on the A.C. end 
increase from no load to full load (neglecting armature drop) ? 

Through what range can the voltage ratio of an ordinary 
converter be varied? 
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A converter, running inverted on a D.C. line of no volts, 
gives what voltage on its slip rings, three-phase machine assumed? 

A railway converter rated at looo K.W., six hundred volts, 
would draw what current from the A.C. line, if it were run 
single phase and had an eflSciency of 93 per cent? 

Explain why the voltage on the D.C. end of a converter, 
running normally, does not increase as the field strength is 
increased. 



EXPERIMENT VIII 



Parallel Operation of Alternators; Circulating Current; 
Division of Load Dependent upon Phase Shifting. At present 
the largest sizes in which it is feasible to build A.C. generators 
is about 20,000 K.V.A. To equip a station for a capacity of 
100,000 K.V.A. it is therefore necessary to install several gene- 
rators, and as there is generally only one set of bus bars and one 



Load 





B 




S/s> ^o 



distribution system, it is necessary to so connect these generators 
electrically, that they all supply power to the same line. The 
only stable connection is to have them working in parallel, and 
many stations have as many as ten or more large alternators all 
connected in parallel to the same switchboard. It is therefore 
important to investigate the operating characteristics of such a 
set of machines. 

will first be shown that two alternators operating in series 

>t in stable equilibrium. Two single phase machines, 

:ed in series, supplying a load drawing a current, lagging 
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somewhat behind the line E.M.F., are shown in Fig. 38. Each 
machine is generating the same voltage and it is supposed that 
for some reason that macliine B has pulled sHghtly ahead of 
machine A in phase. The vector diagram of E.M.Fs. and cur- 
rent is given in Fig. 38. The vectors OA and OB represent 
the machine voltages, OC the resultant or line voltage, and 01 
the line current. The load on machine B is equal to OB X 01 
Xcos ^ and that on machine A is equal to OAxOI Xcos a. 
As a is less than p it is evident that machine 5, which for some 
reason has pulled ahead of ^ in phase, has thereby relieved 
itsblf of part of its share of the load. This effect will make machine 




B speed up still more because any ordinary prime mover will 
increase its speed if load is taken from it. B will continue to 
get ahead of -4 in phase until the two vectors OA and OB are 
practically in opposition, imder which condition there is no line 
voltage and therefore no load. 

The polarities marked in Fig. 38, of course, are true only at 
a certain instant, but the two machines will both reverse at the 
same time, leaving the phase of E.M.Fs. relative to one another, 
the same. If, however, when the two machines have pulled 
into opposition, with respect to each other, the load circuit is 
short circuited and the load attached as in Fig. 39, the conditions 
of operation and load distribution are stable. The vector dia- 
gram given in Fig. 40 will make this point clear. When the two 
machines are exactly in opposition, with respect to each other, 
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the E.M.F. vectors are shown at OA and OB, There is no 
resultant E.M.F. in the circuit consisting of the two armatures 
and connecting bus bars and therefore there is no current flowing 
around this local circuit. The two machines will, under these 
conditions, divide the load equally, provided that the two arma- 
tures have equal impedances. 

In Fig. 39 it is seen that although the two E.M.Fs. oppose 
one another around the local armature circuit, they act together, 
in parallel, in so far as the load circuit is concerned. 

Suppose now that machine B speeds up for an instant with 
respect to -4, so that the relative phases of the two E.M.F. vec- 
tors are as shown as OA and 05', in Fig. 40. In the local circuit 



y" 
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there now exists a resultant voltage OC which will force current 
to flow through the two armatures, in addition to whatever load 
current the two machines may be carrying. As the inductance 
of the armature is much greater than the resistance, this local 
current will lag nearly 90° behind the E.M.F. causing it; 01 
represents this current in phase, behind the voltage OC, by the 
angle where 

armature reactance 



tan (?= 



armature resistance ' 



Now this current is nearly in phase with the voltage 0-B', and hence 
is a load on machine -B, while it is a motor current for machine 
A, as it is nearly 180° out of phase with OA. The real effect 
of this current is therefore to take some of the load from machine 
A and put it on machine B\ this will tend to slow down B and 
is therefore an effect which tends to prevent the machines leaving 
their phase position of 180° with respect to one another. 
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The pre^-ious analysis has been on the assumption that the 
two machines were generating the same voltage. Suppose now 
that the load on the two machines is equally di\dded (E.M.Fs., 
i8o^ apart) and the excitation of machine A is increased. Will 
this change the distribution of load? By reference to Fig. 41, 
it is seen that the resultant voltage OC, now lies in phase with 
OA. The resultant local ciurent 01 is shown lagging by the 
an^le 6 behind 0C\ this current 01 is practically a wattless cur- 
rent, as it is in 90° position, nearly, with respect to both E.M.Fs. 
As it is not in phase with the generator E.M.Fs., it cannot, 
with non-inductive load, represent load current. As a matter 
of fact, this increase in voltage of machine A will scarcely aflFect 
the load distribution at all, but will produce a current which flows 
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in the local circuit only; it is practically 90° out of phase with the 
E.M.Fs. and its only effect is to tend to equalize the two volt- 
ages OA and OB. It will tend to magnetize the machine B and 
demagnetize machine A, This effect of armature reaction by 
the circulating ciu-rent will change the voltage of the line some- 
what as excitation of machine A is varied. 

Referring to Fig. 40 it is evident that the division of load 
depends upon the angle a. Now the only way of changing this 
angle is to vary the driving torque of the prime mover, and it is 
in this fashion that load is distributed between the different 
machines in a station. The steam supply of the driving engine or 
tiu-bine is generally under the control of the switchboard operator. 

Siunming up the conclusions reached we have: the divisior 
of load between two alternators operating in parallel depen< 
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only upon their relative phase position; the load division cannot 
be aflfected by varying the field strength, but such variation of 
field results in a nearly wattless current circulatmg in the local 
circuit, which merely heats the machines, represents no power 
output and is therefore detrimental to the operation of the 
machines. 

The first run to be made in this test is to show the variation 
of load on machine B by variation of the driving torque, and 
hence the phase angle a, with constant excitation of B; the 
second is run to keep the driving torque of B fixed, and to vary 
the excitation of B both above and below normal to show vari- 
ation of circulating current and independence of load division. 
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Fig. 42 

Make connections as in Fig. 42, bring machine A to rated 
voltage and read its field current. Keep it constant at this 
value throughout the test. Put upon machine A, a load of 
about one-half its rated capacity. Synchronize machine B with 
machine A and read field current, watts, output, armature cur- 
rent and line voltage. Leave the field current fixed at this 
value and increase the torque of B^s prime mover in such steps 
as will produce changes in the armature current of B of about 
one-quarter rating. Take readings up to 50 per cent overload, 
reading for each step watts and armature amperes of B and 
line voltage. Get the values of a for each setting of load by 
the scheme of two insulated discs used in experiment No. 6. 

Then reduce the torque of B's prime mover until the wattmeter 
reads zero. Now vary the field current of B in such steps as 
produce increments in the armature current of .about one-quarter 
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rating, reading for each setting, field current, armature current 
and watts, line voltage and phase position of 5's armature. 

On one curve sheet plot the variations of watts load of B and 
phase position of its armature. Calculate also the value of the 
circulating or wattless current flowing in 5's armature for each 
reading. Plot load and circulating current against phase positicxi 
as abscissae. On a second sheet plot variations of load in watts, 
circulating current and phase position, against field current of 
B as abscissae. 

Note. — ^The remarks regarding effect on load distribution of 
variation of -B's field current were made on the assumption that 
the angle 6 was nearly 90°. In so far as this is not true the 
conclusions reached are more or less inaccurate, but a more 
detailed discussion makes the question too complex. 

Questions 

A i2-pole alternator is to be synchronized with a 60-cycle 
line. At what speed must it be run? 

Referring to Fig. 42, suppose the readings of the instruments 
on machine 5 are volts no, amperes 55, watts 4850, the load 
circuit being non-inductive. How much is the circulating current 
between the two machines? If machine A is furnishing to the 
load 10 K.W. of power, how much current is there flowing in its 
armature? 

If machine A is generating 60 cycles and, before synchronizing, 
the lamps flicker twice per second, how fast is machine B running 
if it has 8 poles? There are two possible answers to this question. 

Why should the field currents of the various alternators in 
a station, operating in parallel, be so adjusted that the circulating 
current is a minimum? 

Suppose that the maximum safe armature current of machine 
B, Fig. 42, is 150 amperes, and also that the fields of A and B 
are so adjusted that there is a circulating (wattless) current of 
45 amperes flowing between them. If the bus bar voltage is 125, 
what is the maximum load (in K.W.) that machine B can fur- 
nish to the load circuit? 



EXPERIMENT IX 

Cmrent and Voltage Relations in a Three Phase Circuit; 
Keasurement of Power on Non-inductive and Inductive Loads. 

PracticaUy all A.C. power is generated, transmitted and utilized 
by ix)hT>hase circuits and machines. Of all polyphase circuits 
die three phase is by far the most important. 





Fig. 43 

The easiest way to study the ciurent and E.M.F. relations 
in such a circuit is by first considering it as three single phase 
circuits. The problem will be investigated only for balanced 
loads, i.e., a polyphase system which may be considered as made 
up of a group of equally loaded single phase circuits. 

A three phase load may be connected in two ways: the star or 
Y connection shown at a, Fig. 43, and the mesh or A shown at b. 
With cither connection only three wires are used. It is apparent 
that only three wires are needed for the A connection, and it 
may be shown that in the Y connection a wire connecting to the 
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center or neutral point of the load is unnecessary. In Fig. 44 
the three phases are supposed separate, each phase is carrying 
the same magnitude current and of course the three currents, 
represented as vectors, are 1 20*^ apart. This feature of the three 
phase system is a result of the method of placing the coils on the 
armature of the three phase generator; the coils are placed 120° 
(electrical) apart, hence generate three sine E.M.Fs. 120° apart, 
and so the ciurents from such a generator are 120*^ apart. 




Fig. 44 



In Fig. 44 the three single phases are shown at a, b, and c. 
The three lines, i', 2' and 3' are evidendy carrying three equal 
currents, 120° apart in time. If then these three lines are joined 
throughout their entire length, the resultant single line will carry 
the resultant of three equal sine currents spaced 120° apart. But 
such resultant is zero, and therefore the combination line or 
neutral, as it is called, is useless and so not used. The three single 
circuits, joined together at i',2,'3' then constitute a Y load, supplied 
with three phase power through the lines i, 2, 3. In discussing 
voltage and current relations we have, 






current in each phase of load; 
voltage across one phase; 
current in any line; 
voltage between lines. 
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In the Y connection of load it is evident that I=i. To 
get the line voltage it is necessary to take the vector differ- 
ence of two voltages, each of magnitude =^, spaced 120° apart. 
The voltage between lines by this construction gives £=e\/3.* 

In the delta connection £=e. To get / it is necessary to take the 
vector difference of two currents each of magnitude i, and 120° 
apart in phase, and this gives I^W^, 

Now no matter how the load is connected, it is evident that 
the power used in the three phases is equal to ^ei, if cos ^ = 1. 
Substituting values of line current and line voltage gives power 
of a three-phase load = £7^3, and this holds good for either con- 
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nection of load. If the power in each phase Js equal to.^i cos ^, 
then in terms of line quantities we have, watts used in three- 
phase load = ElV^ cos (f>. 

To measure the power used in a three phase line it is not 
necessary to actually measure the watts in each phase and multiply 
by three. If it is known that the load is non-inductive, then the 
power used is easily determined by measuring the line current 

* The derivations of the formulae for voltage and current relations, as well as 
power relations, in three-phase circuits are not introduced here, as it is a some- 
what more involved discussion than it is thought well to incorporate in this text. 
The student is referred to Morecroft's Laboratory Manual of Alternating Cur- 
^xperiment XXV. 
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and voltage and multiplying by V3. When the power factor is 
unknown, as is generally the case, another method must be used 
If two wattmeters are used as shown in Fig. 45 the sum of 
the two readings will always be the power used in the three phase 
circuit, no matter what the power factor may be or whether the 
load is balanced or not balanced. If the power factor is less 
than .5, one wattmeter will indicate negatively and then the 
algebraic sum must be used, not the arithmetical simi. For 
balanced loads it may be shown that the current in line i is 30° 
out of phase with the voltage between 1-2, and the current in 
line 3 is 30° out of phase with the voltage between lines 3-2. 
If (}> is the phase angle of the load,* 

W 1 = EI cos (^ + 30°); 

W2 = EI cos (0-30°); 
from which 

Wi-^W2^ EiVs cos ({>. 

But we had already shown that this is the power used in the 
three phase load. 

A convenient switching arrangement for making measure- 
ments on three phase, delta loads is shown in Fig. 46. Three 
single pole, double throw switches are so inserted that the amme- 
ters and wattmeters may be readily transferred from the line to 
the phase. In balancing or unbalancing the A load the meters 
are connected in the phase (switches all thrown to left in Fig. 46) ; 
then when it is desired to read line values the switches are thrown 
to the right. 

With connections as shown in Fig. 46, with meters connected 
in phases, adjust the three phases so that the load is balanced 
(using non-inductive load, such as incandescent lamps) and read 
the three phase currents. With the potential coils of the watt- 
meter connected as shown in Fig. 46 it is evident that when the 
switches are thrown to the right the wattmeters will read the 
power in the' correspondingly numbered phases; read each of the 
meters. 

*See note bottom of page 200. 
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Now, leaving the load fixed at this value, transfer the meters 
to the line, by throwing the switches to the right; read the three 
ammeters. The three meters should read equal to each other 
and equal to phase current X v^. Connection a of wattmeter 
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W3 should be clipped on to the blade of switch in line i so that 
this switch cannot be thrown to the right without removing the 
connection. As the switches are all thrown to the right, con- 
nection a must be removed from the blade of switch i and con- 
nected to the blade of switch 2. Wattmeters Wi and W3 are 
now connected as shown in Fig. 45 so that the sum of their 
readings should give the total three phase power, that is, should 
check with the sum of the three wattmeter readings in the pre- 
vious test. In getting the power from the line meters the 
reading of W2 is, of course, neglected. 

It is to be noted that any two of the wattmeters connected 
in the lines may be used to get the three phase power. Thus, 
if Wi and W2 have respectively their potential coils connected 
to lines i and 3, and 2 and 3, the sum of their readings will also 
be the true three phase power. Carry out the above measure- 
ments for two values of current with balanced load and for two 
conditions of unbalanced load. 

Next close the switches connecting the variable inductances in 
parallel with the lamp banks, as shown in Fig. 46. The lamps in 
parallel with the variable inductance make it possible to obtain a 
lagging load of adjustable power factor. 
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With switches thrown to the left (meters connected in phase) 
adjust the three phases for equal current and equal power factors. 
This is most easily done by unscrewing all the lamps in their 
sockets so that they are out of circuit, leaving only the three 
variable inductances connected to the three phase line. The 
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inductances are then adjusted to give equal currents in the three 
phases. Then enough lamps are connected in circuit to bring the 
power factor up to the desired value, connecting the same number 
in each phase to keep the load balanced. The power factor is of 
course determined by the ratio of watts per phase to volt-amperes 
per phase. 

With inductive load, balanced, take a set of phase readings, 
and line readings as for non-inductive load. Do this for one 
adjustment of power factor about o.8 and one about 0.4. In 
the latter case it will be found that when reading watts in the line, 
one of the wattmeters must have its potential leads reversed 
to get a reading on the scale. The reading of this meter must 
be reckoned negative in obtaining the total three phase power from 
the line wattmeter readings. From the readings obtained from 
these two runs check the formula for power factor in a three 

phase circuit, cos^= f ^ In this formula, W\ and W2 

are reading of line wattmeters while E and / are average values 
of line voltage and current. Th^ valu? of cps^ obtained ^ 
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this formula should check with the value obtained from the ratio 
of watts per phase to volt-amperes per phase, which values have 
been obtained. 

Take another set of readings with load imbalanced and com- 
pare line and phase values as before. The two line wattmeters 
will still give the total three phase power correctly, but the for- 
mula for power factor will not hold (except approximately) for 
slightly imbalanced load and the ratio between line current 
and phase current will not be V3. 

The same sets of readings are to be now taken for Y-connected 
load as have bfeen obtained for A loads. The connection scheme 
of Fig. 46 is charged as indicated in Fig. 47; the three cables 
which formerly connected to the blades of the switches now are 
connected together by the three way connector a. The watt- 
meter potential coils being connected as shown each wattmeter 
reads the power used in its respective phase. By taking the two 
potential leads of IFi and Wzy which connect to the neutral point 
a of Fig. 47, and connecting them both to line 2, Wi and W^ are 
jMToperly connected for reading the total three phase power; 
the sum of their readings should check with the sum of the three 
wattmeter readings when all potential coils wore connected at a. 
Of course it is just as well to use any two of the three wattmeters; 
thus if the potential leads of H'l and n'2 (those leads connecting 
at <j in Fig. 47) are connected to line 3 then their sum will also 
gpre the total three jAase power. 

With balanced non-inductive load (inductances disconnected) 
get the relation between phase quantities and line quantities. 
In this connection ex-idently the phase current and line current 
are equal, and it is the line voltage and phase \'oltage that have 
the \ 3 relations. The sum of the three {^ase wattmeter readings 
^•ill check wth the two line wattmeter readings as in the A-con- 
nected load. Take other readings for unbalanced non-inductive 
load, and then readings for inductix-e load, balanced and unbal- 
anced. For balanced loads it \i-ill be found that the line volt- 
equal to the i^ase ^'oltageX^ 3. and that the power 
ormula holds good, but for unbalanced loads neither 
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of these relations is true. However, for all conditions of load 
the sum of the two line wattmeter does give correctly the three 
phase power. 

A convenient method for balancing the three phase F-con- 
nected non-inductive load consists in opening one line (say line 3) 
and then adjusting phases i and 2 for equality by making the 
voltage drops across the two equal. With line 3 open phases i 
and 2 form a simple series connection on lines i and 2. Hence, 
when they are adjusted for equal voltages the impedances must 
be the same as the current is the same in both. When i and 2 
have been adjusted to equality, open Une i and close line 3. Now 
adjust phases 2 and 3 for equal voltage drop by varying phase 
3, leaving 2 just as it was balanced with i. When 3 is adjusted 
equal to 2 then line i may be closed and the load will be balanced. 
In the case of the inductive load the inductances should first 
be balanced, with no lamps connected, then, when the inductances 
are equal a suitable number of lamps may be inserted (inserting 
the same number in each phase) to bring the power factor to 
the desired value. 

Questions 

What are the advantages of three phase power compared 
to single phase power? 

An alternator generates 6600 volts per phase. What will 
be its rated voltage if it is connected in A and in F. With which 
connections will its possible power output be the greater? 

A three phase induction motor has an efficiency of 92 per cent, 
and is delivering 75 horse-power to its load. Its power factor is 
.83 and line voltage is 440. What is the current in each of its 
supply lines? If its stator winding is connected in A, what is the 
current in each phase of the winding? 

A 6o.cxx)-volt three phase transmission line is delivering 10,000 
K.W. of power to an induction motor load of power factor .80. 
What is the current in each wire of the line? If three trans- 
formers are connected to the line, primaries in F, and secondaries 
in A, what will be the voltage of the line to which the secondaries 
are connected, the transformer ratio being 190 to i? 
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EXPERIMENT X 
Single Phase Motors 

The single phase induction motor — The repulsion-induction 
motor — The single phase series motor. — There is much need of a 
satisfactory single phase motor in small sizes (lo H.P. or less) 
because the power delivered to the small consumer is generally 
single phase; for such service any one of the above-mentioned 
types is available. The single phase series motor has been used 
in a few cases in comparatively large sizes, notably the installa- 
tion of the N. Y., N. H. and H. Railroad. 

For general use the speed of the single phase motor should be 
practically independent of load; for such work the single phase 
series motor is not at all suited and one of the other two types 
must be used. On the other hand, when the motor has to be 
used on both continuous and alternating current power the series 
motor is the only one which will function. 

As was pointed out in Ex. 5 the single phase induction motor, 
as such, has no starting torque whatever, but if it is brought to 
nearly synchronous speed by some means or other its action is 
practically the same as that of a polyphase motor. The first 
motor to be tested is of this type; it starts as a repulsion motor, 
accelerates as such until operating at nearly synchronous speed 
when a centrifugal device throws off the repulsion motor brushes 
and clamps a short-circuiting ring against the commutator 
maldng the armature the equivalent of a squirrel cage rotor, the 
motor then operating as a straight single phase induction motor. 

The action of the repulsion motor may be analyzed by refer- 

enece to Fig. 48. The two field coils shown at A and J5, are in 

series and connected to a single phase supply; on the armature 

agine a short-circuited turn, shown in three possible posi- 

[-1', 2-2', and 3-3'. The field coils produce an alten^ting 
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flux which threads the armature so that the short-circuited turn 
will have currents set up in it for any position except that shown 
at i-i'; in this position the plane of the cofl is parallel to the 
direction of the magnetic field 
so there is no E.M.F. induced 
in the coil. In position ^-^' 
there will be a large current 
in the short-circuited turn but 
no torque will be developed, 
the plane of the coil being per- 
pendicular to the direction of 
the flux. At some intermediate 
position, such as 2-2', current 
will be set up in the short- * ^ 

circuited turn and torque will 

be developed tending to make the coil pull into position 
i-i'. If we use the plane of coil 2r2>' ^ reference the torque 
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and current in the short-circuited turn for various positions 
around the armature are about as shown in Fig. 49; the 
direction of the torque reverses as the coil goes through posi- 
tion ^-^\ where the current is a maximum. 
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In the actual motor the armature has a winding just like 
that of a continuous current motor, connected to a commutator. 
Brushes, i8o electrical degrees apart, make contact on the 
commutator and these brushes are short circuited. Such a 
winding (with the short-circuited brushes) is nearly equivalent 
to one short-circuited turn, the plane of which is fixed by the 
position of the brushes. By moving the brushes around the 
commutator the current in the armature, and the torque devel- 
oped by it, vary as shown in Fig. 49. As the armature rotates 
under the influence of the torque developed, the equivalent 
short-circuited turn, to which we have supposed the actual 
winding equivalent, remains in the same angular position, this 
being fixed by the position of the brushes, which remain station- 
ary as the armature rotates. In the actual motor the brush posi- 
tion is so taken that the angle between the equivalent coil and 
position ^-^^ (Fig. 48) is about 20 electrical degrees. 

The repulsion motor has running characteristics like those 
of a series motor; it continually speeds up imless suitably loaded. 
In the case of the Wagner motor as it approaches synchronous 
speed, a copper ring, carried on a toggle joint, is snapped hard 
against the commutator, short-circuiting all the bars of the com- 
mutator and thus making the armature winding equivalent to 
the squirrel cage rotor winding of the ordinary small induction 
motor. Motors built to operate in this fashion may be made 
to develop starting torques in excess of the rated, full-load, 

torque. 

The repulsion-induction motor has a commutator and arma- 
ture winding similar to the ordinary continuous current motor 
and has two pairs of brushes (for a two-pole motor) nearly 90 
electrical degrees apart. In the ordinary form of this type of 
motor one pair of brushes is short circuited and the other pair 
connects to two taps on the stator winding, as indicated in 
Fig. 50, giving what is called the compensated repulsion-induc- 
tion motor. The electrical actions of such a motor are too com- 
plex to analyze in a brief text of this kind, so will not be attempted. 
The angle between the brushes A- A and brushes B-B is properly 
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Fig. 50 



adjusted at the factory and is not adjustable thereafter. By 
having a proper angle between the brushes and connecting 
brushes B-B to the proper 
points on the stator winding 
the motor gives a good starting 
torque and has a speed-load 
curve like that of the ordinary 
induction motor, with the dif- 
ference that the motor may 
run at speeds higher than syn- 
chronous speed. The power 
factor of the motor is greatly 
affected by the connection of 
brushes B-B to the stator 
winding; it may approximate 
unity throughout a large varia- 
tion of load. In this type of motor all brushes remain perma- 
nently on the commutator. 

The single phase series motor is electrically similar to the 
continuous current series motor; there are certain important 
changes required in the construction due to the fact that the 
field flux is alternating instead of constant. All of the magnetic 
circuit, carrying alternating flux, must be laminated, thus 
requiring laminated poles and yoke; due to the hysteresis and 
eddy current losses in the field iron the flux density in the whole 
field structure must be kept much lower than is the case in the 
continuous current motor. In order to obtain a reasonably high- 
power factor in this type of motor the armature ampere-turns 
must be neutralized as nearly as possible, this requiring a com- 
pensating winding in the pole faces. The compensating winding 
is coimected in series with the armature and main field windings. 

Due to a transformer effect from the alternating field flux 
producing heavy currents in those coils short circuited by the 
brushes (which coils are undergoing commutation) it is necessary 
to use so-called "resistance leads'' in connecting the coil junc- 
tions to the commutator bars. Instead of connecting the coil 
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junctions directly to the commutator as is done in the ordinary 
continuous current motor this connection is made through a 
piece of resistance wire, the resistance of which may be perhaps 
five times as much as the coil resistance. This feature of con- 
struction practically eliminates sparking at the commutator in 
so far as this sparking is caused by the effect of the alternating 
field flux. Even when all the above outlined precautions have 
been taken in constructing the alternating current motor its 
performance on an alternating current line is much inferior to 
what the same motor will give when operated on a continuous 
current line. 

The single phase series motor is practically never used (except 
in very small sizes, such as required by portable vcauum cleaners) 
on frequencies higher than 25 cycles; due to difficulty in com- 
pensating the armature ampere-turns the output and power 
factor fall off very rapidly as the frequency is increased above 
that for which the motor was designed. 

With the single phase induction motor loaded by Prony 
brake get all of its characteristics, operating as an induction 
motor (speed, current input, efficiency, power factor, etc.); 
note the ^'pull-out'' torque. Impressing half voltage (to hold 
down to a safe limit the current taken by the motor) get the char- 
acteristics of the motor as a repulsion motor for speeds below 
that at which the centrifugal device throws on the short-cir- 
cuiting ring. With half voltage impressed and the rotor clamped 
get a set of readings similar to those shown in Fig. 49, reading 
torque and current for about six positions on either side of the 
position giving zero torque. In plotting the results of the two 
half voltage runs change the torque to what it would have been 
at normal voltage by multiplying by four, and the current to 
what it would have been at normal voltage by multiplying. by 
two. 

With the compensated induction-repulsion motor loaded by 
brake get curves of speed, input, power factor, and efficiency 
f^ 'O load to the maximum safely obtainable from the 
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With the series single phase motor normally connected get the 
ordinary characteristics operating at rated voltage and fre- 
quency; if loaded by Prony brake observe proper precautions 
to prevent the motor over-speeding if the brake should acci- 
dentally come ojff. Get the same characteristics for the motor 
when running from a line of frequency about twice that for which 
it is rated (say 60 cycles for a 25-cycle motor). Get the same 
characteristics with the motor operating from a continuous cur- 
rent line, of voltage equal to that for which the motor is rated; 
in this test take special precautions to prevent the motor from 
rurming away. 

Questions 

How does the starting torque of a repulsion motor vary with 
the impressed voltage, and why? 

With no change in connections would a 60-cycle motor of the 
type starting as repulsion motor operate properly on a 25-cycle 
Kne? Why? 

How about the behavior and amount of power output safely 
available, of a single phase 10 H.P. 2 20- volt 60-cycle induction 
motor is run from a no- volt 25-cycle line? 

For a given current and line voltage why is the output of a 
series motor so much greater on a continuous current line than 
on an alternating current line? 

With full load current of 60 amperes flowing a no- volt 25- 
cycle motor shows a power factor of 0.7. Approximately what 
current will it draw from a no- volt 60-cycle line at standstill? 



EXPERIMENT XI 

The Alternating Current Watt-hour Meter. Practically all 
of the electric power sold in the United States is delivered to the 
customer as alternating ciu-rent power, hence the importance 
of the alternating current watt-hour meter. Although the com- 
mutator type of meter as well as the merciu-y motor meter 
(explained in Ex. 14) will operate on alternating current lines 
the induction type of watt-hour meter, to be studied in this test, 
is so far superior that it practically monopolizes the field. 

An elementary sketch of the essential parts of the induction 
meter is shown in Fig. 51, by reference to which the action of the 
meter will be explained. A laminated iron frame, of the form 
shown, is equipped with three-pole pieces, £, Z), and Z)'. The 
faces of these three-pole pieces are parallel and separated by suf- 
ficient distance to give the aliuninum disc, A, sufficient mechan- 
ical clearance. 

The upper pole piece, £, is woimd with two coils, B and C, the 
former (of many turns) being the potential coil and the latter of 
very few turns, being the lag coiL The two lower poles, D and 
D\ are wound in series with each other, with a few turns of 
wire of sufficient size to safely carry the current of the line in 
which the meter is to be installed. The two poles are wound 
in opposite directions so that they have opposite polarities. 

The aluminum disc. A, is carried on the steel spindle F, the 
lower bearing of which is carried on a jewel. On the upper part 
of the spindle is a worm engaging the gear train which records 
the amount of energy which has passed the meter. The disc is 
caused to rotate by the interaction of the effects of the potential 
and current coils. The disc turns between the poles of perma- 
nent magnets, F and F', the eddy currents produced by the 
magnets serving to limit properly the speed at which the meter 
turns for a definite load. 
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The coil B is made up of suflScient number of turns that its 
reactance is sufficient to permit the coil being connected directly 
across the line in which the meter is connected, this being gen- 
erally no volts. The current in coil B will lag nearly 90 degrees 
behind the voltage impressed on its terminals and the flux in 
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the potential pole will be in phase with this current (neglecting 
for the moment the effect of the lag coil). Of course, it is impos- 
sible to make the current lag as much as 90 degrees behind the 
E.M.F. because the coil must have some resistance; it probably 
lags about 80 degrees in the average meter. To make the meter 
operate properly, however, it is necessary that the flux which 
passes from the potential pole into the disc. A, be exactly 90 
degrees behind the phase of the E.M.F. impressed on the meter. 
This is the function of the lag coil, which is generally short-cir- 
cuited through a suitable resistance. 

To show the effect of the lag coil we refer to Fig. 52. The 
line voltage, impressed on coil 5, is shown at 0E\ the ampere- 
turns (M.M.F.) produced by the current flowing in the coil are 
shown at 05, about 80 degrees behind the voltage. This M.M.F. 
will produce a flux in phase with itself which, by its rate of change, 
generates a voltage in coil C, which voltage will be 90 dej 
behind the flux; it is shown at OC, This voltage will cai 
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Fig. 52 



current OE to flow in the coil C (as it is short-circuited) and this 
current will lag behind the voltage OC by an amount controlled 

by the amount of resist- 
ance in the wire used to 
short-circuit coil C. The 
M.M.F. due to the cur- 
rent in C is in phase with 
the current OE and is 
given by the vector OF. 
The M.M.F. producing 
flux through the pole E 
is then the vector result- 
ant of the M.M.Fs. of 
the two coils; in Fig. 52 
it is shown at OD, just 
90° behind the E.M.F. 
impressed on coil B, The flux from poie E is therefore properly 
shown at OG. 

A plan of the disc is given in Fig. 53, it shows the relative 
positions of the three poles and the retarding magnets F, F\ 
The alternating flux from the current poles induces in the disc 
eddy currents which flow in the disc about as indicated by the 
lines of Fig. 53 ; due to the opposite polarities of the two current 
poles the eddy currents around the poles will be in opposite 
directions as shown. It will be noticed, however, that both cur- 
rents flow in the same direction imder the potential pole. These 
eddy currents in the disc will be practically in phase with the 
E.M.F. inducing them; this E.M.F., which is caused by the rate 
of change of flux through the current poles will be 90° behind 
the current exciting the current poles, that is, 90° behind the 
load current. If the load connected to the meter is non-inductive 
the load current will be in phase with the line E.M.F.; we have 
previously shown that the flux into the disc from the potential 
•° behind the line E.M.F. so that it is now evident that 
currents shown in Fig. 53 will be in phase with the flux 
potential pole. The disc will therefore experience a 
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torque tending to turn it, this torque being proportional to the 
flux from the potential pole and to the strength of the eddy cur- 
rents around the current coils, which in turn, are proportional 
to the load current. 

One-quarter of a cycle after the time assimied in the above 
analysis the currents around the current poles will be zero, and 
the flux from the current poles will be a maximum. The flux 
from the potential pole will be zero at this time but there will be 
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eddy currents in the disc produced by the changing flux from the 
potential pole. The reaction between these eddy currents 
and the flux from the current poles will again give a torque to 
the disc, tending to turn it in the same direction as does the 
torque previously analyzed. The disc therefore experiences 
a torque, the average value of which depends upon the product 
of the line current and line E.M.F., that is, to the power flowing 
through the meter. 

It will be seen that the average value of this torque will be 
a maximiun (for a certain voltage and current), when the current 
through the meter and the voltage on the potential coil are in 
phase with each other; as the phase between the two increases the 
average torque will diminish until, with a phase difference of 
90° between current and voltage, the average torque is ze^ 
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Analysis of the action of the meter, as well as actual test, shows 
that the average torque is proprtional to the cosine of the angle 
between current and voltage, that is, to the power factor of the 
load. 

The disc will speed up until the driving torque is just bal- 
anced by the eddy current drag on magnets F, F' which drag is 
directly proportional to the speed; hence the disc will rotate 
at a speed fixed by the power {Ef cos </>) being supplied to the 
load. 

Just as in the case of the direct-current watt-hour meter 
some special attachment must be used to make the meter indicate 




Fig. 54 

accurately at light loads; the starting friction of the ordinary 
watt-hour meter is such that there is required a considerable 
percentage of the full-load current to overcome it and hence at 
light loads the meter would not rim at all. To neutralize this 
starting friction there is attached to the potential pole a small 
adjustable copper plate, so mounted that it can be moved parallel 
to the face of the potential pole; it is attached so that it can 
be swung to cover more or less of the face of the potential pole. 
This arrangement is called the starting plate, sometimes the 
shading plate or shading coil. The action of this plate may 
be explained with the help of Fig. 54, which shows a plan of the 
face of the potential pole and the starting plate. This plate is 
pivoted at some point (o) so that it can be swung under the pole. 
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Flux from the potential pole will induce currents in this plate; 
these currents in the starting plate will induce currents in the 
disc A , which, reacting with the flux from the unshaded portion 
of the potential pole, will produce a slight turning effort. The 
amount of the turning effort is controlled by the position of the 
starting plate. 

An induction watt-meter may be single phase, two or three 
wire, or it may be polyphase; in either of the two latter cases it 
consists of two single-phase meters on the same shaft. These 
two element meters are generally tested by connecting the two 
sets of current coils in series and the potential coils in parallel 
and then loading the meter single phase. 

In adjusting the meter to make it nm accurately one ruil is 
made at light loads (5-10 per cent of rating) and the starting 
plate varied in position until the required accuracy is obtained. 
At full load the meter speed is adjusted by moving the permanent 
magnets in or out from the center of the rotating disc, in to 
increase the speed, and vice versa. 

The accuracy to which the meter should be adjusted depends 
upon the ruling of the local authorities; in the case of New York 
the meter must be within 1.5 per cent of correct indication at 
full load and at 5 per cent of full load the allowed deviation is plus 
or minus 3 per cent from accurate indication. The above 
figures are for a load of 100 per cent power factor; for 75 per cent 
and 50 per cent power factor the accuracy at full load must be 
within 2 per cent and 4 per cent respectively. 

The induction meter may be tested in the same fashion as 
that described for the continuous current meter, in Ex. 14, 
but the uniform practice nowadays is to use a portable rotating 
induction meter as a secondary standard, this being frequently 
checked with some other standard rotating instrument which is 
not carried around. The potential circuits of both meters should 
be connected to the power line at the same place, between the 
power supply and the first of the two meters, so that neither 
meter is affected by the power consumed in the two potential 
circuits. The two current coils are connected in series ar 
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series with the load. In case the load on the meter is measured 
by indicating instruments the potential coil of the watt-hour 
meter as well as that of the indicating watt-meter and the volt- 
meter should all be connected at the same place, between the 
power supply and the first of the meters; this is indicated in 
Fig- 55' Unless this precaution is taken the test may be in error 
by an amount depending on the power consumption in the 
various potential circuits. With the connection scheme shown 
in Fig. ^5 the meters record the power used in the load plus that 




Amm$tT 



Fig. 55 



used in the three current coils; the amount used in the potential 
circuits is not recorded. 

The meter is to be tested, as found, for loads of 5 per cent, 
10 per cent, 50 per cent, 100 per cent, and 150 per cent load, at 
unity power factor and at 0.7 power factor, lagging current. It is 
then to be adjusted to the required accuracy at 5 per cent and 
100 per cent load, unity power factor, the light load adjustment 
being made by the position of the starting plate and the full- 
load adjustment by the position of the magnets. When these 
adjustments have been made take two more nms similar to 
those first made to see how the calibration holds throughout the 
range of the meter, at the two power factors. 

In case a rotating watt-hour meter is used for the calibration 

it is connected in series with the meter to be tested and the load 

is adiusted to that at which the test is to be made. The potential 

the rotating standard is opened or closed by a push- 

:ch; by closing this switch the rotating meter is made 
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run, the meter being "dead" until the potential circuit is 
crlosed even though there may be full-load current flowing through 
current coil. The reading of the standard meter is noted, 
means of a stop watch (an ordinary watch may be used if no 
stop watch is available) the time is taken for a suitable whole 
xiiiniber of revolutions of the test meter, such a niunber of revolu- 
tions being taken that the time required is between one and two 
minutes. During this same interval of time the standard meter 
* must be recording; this is most conveniently done by the tester 
having the potential circuit switch of the standard meter in one 
hand and the stop watch in the other; as the mark on the disc 
of the test meter passes a convenient point (such as under the 
^dge of a pole) the stop watch and standard meter are both 
started; when the test meter has made the required number of 
'■^Volutions they are both stopped. The calibration constant of 
t^oth the standard and test meter being known the true watts 
^lici the watts indicated by the test meter are obtained and thus 
^he accuracy of the test meter determined. 

In case indicating meters are used to check the test meter 

^e load is adjusted to the reqxiired amount and power factor by 

^^a.dings of voltmeter, ammeter, and wattmeter; the time for a 

convenient number of revolutions of the test meter is taken as 

before, the load being obtained by taking the average of the 

indicating wattmeter reading during the minute or so the test 

is being run. 

In the above runs the meter constant must be known; this is 
different for the various meters on the market but can be readily 
obtained as outlined in Ex. 14. 

For each setting of load, for which the meter is to be tested, 
three sets of readings should be taken, these not to be regarded 
as accurate if they differ from the average by more than i per' 
cent. If they do, other runs should be made until three do 
agree with their average to within i per cent; the average of 
these three readings is to be taken as the meter reading. 

Draw curves of meter calibration as found, and as left, fo^ 
the two different power factors, plotting as abscissae per cen 
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of full load and as ordinates the ratio of meter watts to true 
watts. 

Questions 

How does the torque due to the starting plate Vary with 
speed? How about that due to bearing friction? 

Why does the magnet adjustment, carried out for full load, 
have negligible effect on the light load adjustment? 

Considering separately the potential coil, current coils, and 
damping disc, what will be the effect of increasing temperature 
on the accuracy of the meter? 

For the same diameter and weight of disc, and same braking 
effort, which reqxiires stronger magnets, an aluminum disc or 
one of copper? 

What would be the effect on the* speed of the meter of putting 
a thin sheet of copper over the poles of the current coils, between 
the disc and the pole faces? 

With a given disc how does the braking effort vary with the 
magnet strength, and why? 

How about connecting a no- volt 6o-cycle induction meter to 
a I ID- volt 25-cycle line? 
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Crosskey, L. R^ and Thaw, J. Advanced Perspective 8to, 

Culley, J. L. Theory of Arches i6mo, 

Cushing, H. C, Jr., and Harrison, N. Central Station Management. .. 

Dadouiian, H. M. Analytical Mechanics lamo, 

Graphic Statics 8v\>, 

Danby, A Natural Rock Asphalts and Bitumens 8vo, 

l>arliDg, £. R. Inorganic Chemical Synoityias i:.mo,' 

Davenport, C. The Book; 8vo, 

Davey, N. The Gas Turbine 8vo, 

Davies, F. H. Electric Power and Traction 8vo, 

Davis, A M. Introduction to Palaeontology Svo, 

Foundations and Machinery Fixing i6mo, 

Deerr, If. Sugar Cane Svo {Reprinting.) 

Deite, C. Manual of Toilet Soap-Making Svo, 

De la Couz, H. The Industrial Uses of Water Svo, 

Del Mar, W. A Electric Power Conductors Svo, 

Denny, G. A Deep-level Mines of the Rand 4to, *io oo 

De koois, J. D. C. Linkages i6mo, o 75 

Derr, W. L. Block Signal Operation Oblong i2mo, *i 50 

Desaint, A. Three Hundred Shades and How to Mix Them Svo, "^g 00 

De Varona, A. Sewer Gases. i6mo, o 75 

Devey, R. G. Mill and Factory Wiring i2mo, i 00 

Dichmann, Carl. Basic Open- Hearth Steel Process lamo, 4 00 

Dieterich, K. Analysis of Resins, Balsams, and Gum Resins Svo, 7 00 

Dilworth, E. C. Steel Railway Bridges 4to, 6 00 

Dinger, Lieut. H. C. Care and Operation of Naval Machinery. . .i2mo, *3 00 
Dixon, D. B. Machinist's and Steam Engineer's Practical Calculator. 

i6mo, morocco, i 25 

Dommett, W. E. Motor Car Mechanism lamo; *2 00 

Dorr, B. F. The Surveyor's Guide and Pocket Table-book. 

i6mo, morocco, 2 00 

Draper, C. H. Heat and the Principles of Thermo-Dynamics. .lamo, 2 25 

Draper, E. G. Navigating the Ship i2mo, 2 00 

Dubbel, H. High Power Gas Engines Svo, ♦$ 00 

Dumbleton, J. E. Aerial Navigation .i2mo, 4 00 

Dumesny, P., and Noyer, J. Wood Products, Distillates, and Extracts. 

Svo, *5 00 

Duncan, W. G., and Penman, D. The Electrical Equipment of Collieries. 

Svo, *5 00 
Dunkley, W. G. Design of Machine Elements. Two volumes. .8vo,each, 2 00 

Dunstan, A. E., and Thole, F. B* T. Textbook pf Practical Cheiptstry. 

i2mo, 3 00 
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Durham, H. W. Saws 8vo, 

Duthie, A. L. Decorative Glass Processes Svo, 

Dwighty H. B. Transmission Line Formulas Svo, 

Dyke, A L. Dyke's Automobile and Gasoline Engine Encyclopedia^ 

Svo, 
Dyson, S. S. A Manual of Chemical Plant. 12 parts 4to, paper, 

Dyson, S. S., and Clarkson, S. S. Chemical Works Svo, *g 00 

EU^cles, W. H* Wireless Telegraphy and Telepnony lamo, 

£ck, J. Light, Radiation and Illumination Svo, 

Eddy, L. C. Laboratory Manual of Alternating Currents i2mo, 

Edelman, P. Inventions and Patents iimo, 

Edgcumbe, K. Industrial Electrical Measuring Instruments Svo, 

Edler, R. Switches and Switchgear Svo, 

Eissler, M. The Metallurgy of Gold Svo, 

The Metallurgy of Silver Svo, 

The Metallurgy of Argentiferous Liad Svo, 

Eldiiy T. C. Water Pipe and Sewage Discharge Diagrams folio, 

Electric Light Carbons, Manufacture of Svo, 

Eliot, C. W., and Storer, F. H. Compendious Manual of Qualitative 

Chemical Analysis iimo, 

Eliott, A. W. M. Rectangular Areas i2mo, 

Ellis, C. Hydrogenation of Oils Svo, 

Ultraviolet Light, Its Applications in Chemical Arts z2mo, 

(In Press) 
and Meigs, J. V. Gasoline and Other Motor Fuels Svo, 

Ellis, G. Modem Technical Drawing Svo, 

* Modem Practical Carpentry 4to, 

Ennis, Wm. D. Linseed Oil and Other Seed Oils Svo, 

— Applied Thermodynamics Svo, 

Vapors for Heat Engines i2mo, 

Enpen, W. F. A. Materials Used in Sizing Svo, 

Erwin, M. The Universe and the Atom i2mo (Reprinting.) 

Swing, A, J. Magnetic Induction in Iron Svo, 500 

Faber, 0. Ferraris Dioptric Instruments Svo, 

Fage, A Airscrews in Theory and Practice 4to, 

Fairchild, J, P. Graphical Compass Conversion Chart and Tables... 

Fairie, J. Notes on Lead Ores i2mo, 

Notes on Pottery Clays i2mo, 

Fairley, W.( and Andre, Geo. J. Ventilation of Coal Mines i6mo, 

Fairweather, W. C. Foreign and Colonial Patent Laws ........ » v * /Svo, 

Falk, K. G. Chemical Reactions: Their Supply and Mechanism. .i2mo, 

Farming, J. T. Hydraulic and Water-supply Engineering wSvo, 

Famsworth, P. V. Shop Mathematics i2mo (In Press.) 

Fay, I. W. The Coal-tar Dyes. . — Svo, 

Fembach, R. L. Glue and Gelatine Svo, 

Findlay, A. The Treasures of Coal Tar i2mo. 

Firth, J. B. Practical Physical Chemistry. ..'. i2mo, 

Fischer, E. The Preparation of Organic Compounds — i2mo, 

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing. . .Svo, 
Fleischmann, W. The Book of the Dairy Svo (Reprinting.) 
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lo D. Van nostrand co.'s short title catalog 

Fleming, J. A. The Alternate-current Transfonner. Two Volumes. 8vo 

Vol. I. The Induction of Electric Currents *6 50 

Vol, II. The Utilization of Induced Currents 6 50 

Propagation of Electric Currents 8vo, 3 75 

-— A Handbook for the Electrical Laboratory and Testing Room. Two 

Volumes 8vo, each, *6 50 

Fleury, P. Preparation and Uses of White Zinc Paints SvOy 3 00 

Flynn, P. J. Flow of Water iimo, o 75 

Hydraulic Tables x6mo, o 75 

Foster, H. A. Electrical Engineers' Pocket-book. {Seventh Edition.) 

i2mo, leather, 5 00 

Engineering Valuation of Public Utilities and Factories 8vo, *3 00 

Fowle, F. F. Overhead Transmission Line Crossings i2mo, '''i 50 

The Solution of Alternating Current Problems 8vo (/n Press.) 

Fox, W. G. Transition Curves i6mo, o 75 

Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw- 
ing i2mo, 125 

Foye, J. C. Chemical Problems i6mo, o 75 

• Handbook of Mineralogy i6mo, o 75 

Francis, J. B. Lowell Hydraulic Experiments 4to, 15 00 

Franzen, H. Exercises in Gas Analysis i2mo, '^i 00 

Eraser, E. S., and Jones, R. B. Motor Vehicles and Their Motors, 

&V0, fabrikoid, 2 00 

Frederick, R. C, and Forster, A Public Health Chemical Analysis..8vo, 4 50 

Freudemacher, P. W. Electric Mining Installations lamo, i 00 

Friend, J. W. The Chemistry of Linseed Oil lamo, i 00 

Fritsch, J. Manufacture of Chemical Manures 8vo, 6 ^00 

Prye, A. I. Civil Engineers' Pocket-book i2mo, leather, *5 00 

Fuller, G. W. Investigations into the Ptu-ification of the Ohio River. 

4to, *io 00 
Fumell, J. Paints, Colors, Oils, and Varnishes . . , , 8vo. 

Ganswindt, A. Dyeing Silk, Mixed Silk Fabrics and Artificial Silks, 

8vo, 5 00 

Gant, L. W. Elements of Electric Traction 8vo, *2 50 

Garcia, A. J. R. V. Spanish-English Railway Terms Svo, 3 00 

Gardner, H. A. Paint Researches, and Their Practical Applications, 

Svo, *5 00 

Garforth, W. E. Rules for Recovering Coal Mines after Explosions and 

Fires i2mo, leather, i 50 

Garrard, C. C. Electric Switch and Controlling Gear 8vo, 10 00 

Gaudard, J. Foundations i6mo, o 75 

Gear, H. B., and Williams, P. F. Electric Central Station Distribution 

Systems 8vo, *3 50 

Geerligs, H. C. P. Cane Sugar and Its Manufacture. Svo. (Reprinting.) 

— — Chemical Control in Cane Sugar Factories 4to, 5 00 

Geikie, J. Structural and Field Geology Svo, 7 50 

Georgi, F., and Schubert, A. Sheet Metal Working Svo, 3 50 

mrd, W, P. Sanitation, Watersupply and Sewage Disposal of Country 

Bouses • • ismo, a 50 
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Gas Lighting i6mo, 

Household Wastes i6mo, 

House Drainage i6mo, 

Sanitary Drainage of Buildings x6mo, 

Gerhardi, C. W, H. Electricity Meters 8vo, 

Gibbings, A. H. Oil Fuel Equipment for Locomotives. 8vo. 

(Reprinting.) 

Gibbs, W. E. Lighting by Acetylene i2mo, 

Gibson, A. H. Hydraulics and Its Application Svo, 

— ' — Water Hammer in Hydraulic Pipe Lines i2mo. {Reprinting,) 

Gibson, A. H., and Ritchie, E. G. Circular Arc Bow Girder 4to, 

Gilbreth, F. B. Motion Study. i2mo, 

-— Primer of Scientific Management i2mo, 

Gill, A. H. Gas Analysis for Chemists 8vo, 

Gillmore, Gen. Q. A. Roads, Streets, and Pavements. lamo, 

Godfrey, E. Tables for Structural Engineers i6mo, leather, 

Golding, H. A. The Theta-Phi Diagram iimo, 

Goodchild, W. Precious Stones Svo, 

Goodell, J. M. The Location, Construction and Maintenance of 
Roads Svo, 

Goodeve, T. M. Textbook on the Steam-engine i2mo. 

Gore, G. Electrolytic Separation of Metals Svo, 

Gomston, M. H. The Operating Engineers' Catechism., .(/n Press.) 
Gould, E. S. Arithmetic of the Steam-engine i2mo, 

Calculus i6mo, 

High Masonry Dams i6mo, 

Gould, E. S. Practical Hydrostatics and Hydrostatic Formulas. .z6mo, 

Goulding, E. Cotton and Other Vegetable Fibres Svo, 

Gratacap, L. P. A Popular Guide to Minerals. Svo, 

Gray, H. H. Gas-Works Products Svo (In Press.) 

Gray, J. Electrical Influence Machines X2mo, 

Marine Boiler Design Svo, 

Greenhill, G. Dynamics of Mechanical Flight Svo, 

Greenwood, H. C. The Industrial Gases Svo, 

Gregorius, R, Mineral Waxes z2mo, 

Grierson, R. Some Modern Methods of Ventilation Svo, 

Griffith, E. A. Engineering Instruments and Meters Svo, 

Griffiths, A. B. A Treatise on Manures i2mo (Reprinting.) 

Gross, E, Hops Svo, 

Grossman, J. Ammonia and Its Compounds i2mo, 

Groth, L. A. Welding and Cutting Metals by Gases or Electricity. 

Svo, 

Gmner, A. Power-loom Weaving Svo, 

Grunsky, C. E. Topographic Stadia Surveying i6mo, 

Gunther, C. 0. Integration Svo, 

Gurden, R. L Traverse Tables folio, 

Guy, A E. Experiments on the Flexure of Beams. Svo, 

Haenig, A. Emery and Emery Industry Svo, *a 50 

Hainbach, R. Pottery Decoration i2mo, 3 50 

Hale, A. J. The Manufacture of Chemicals by Electrolysis Svo, 2 00 
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Hale, Harrison. American Cbemistry i2mO| 

Hale, W. J. Calculations of General Chemistry i2mo, 

Hall, C. H. Chemistry of Paints and Paint Vehicles i2mo, 

Hall, R. H. Governors and Governing Mechanism lamo. 

Hall, W. S. Elements of the Differential and Integral Calculus 8vo, 

Descriptive Geometry 8vo volume, and a, 4to atlas, 

Haller, G. F., and Cunningham, £. T. The Tesla Coil i2mo, 

Halsey, F. A. Slide Valve Gears i2mo, 

The Use of the Slide Rules i6mo, 

Worm and Spiral Gearing i6mo, 

Hamlin, M. L. Action of Chemicals on Industrial Materials. .8vo, 

(In Press.) 
Hancock, H. Textbook of Mechanics and Hydrostatics .8vo, 

Hardy, £. Elementary Principles of Graphic Statics i2mo, 

Haring, H. Engineering Law. 

Vol. I. Law of Contract Svo, 

Harper, J. H. Hydraulic Tables on the Flow of Water... i6mo, 

Harris, S. M. Practical Topographical Surveying (/n Press.) 

Harrow, B. Eminent Chemists of Our Times z2mo, 

From Newton to Einstein i2mo, 

Harvey, A. Practical Leather Chemistry Svo, 

Haskins, C. H. The Galvanometer and Its Uses i6mo, 

Hatt, J. A. H. The Colorist square i2mo, 

Hausbrand, E. Drying by Means of Air and Steam z2mo, 

Evaporating, Condensing and Cooling Apparatus .8vo, 

Hausmahn, E. Telegraph Engineering Svo, 

Hausner, A. Manufacture of Preserved Foods and Sweetmeats Svo, 

Hawkesworth, J. Graphical Handbook for Reinforced Concrete Design. 

4to, 

Hay, A. Continuous Current Engineering Svo, 

Hayes, H. V. Public Utilities, Their Cost New and Depreciation. . .Svo, 

Public Utilities, Their Fair Present Value and Return Svo, *2 oo 

Heath, F. H. Chemistry of Photography Svo. (In Press.) 

Heather, H. J. S. Electrical Engineering... Svo, 450 

Heaviside, 0. Electromagnetic Theory. Vols. I and II Svo, each, 

(Reprinting.) 

Vol. Ill Svo (Reprinting.y 

Heck, R. C. H. The Steam Engine and the Turbine Svo, 4 50 

Steam-Engine and Other Steam Motors. Two Volumes. 

Vol. I. Thermodynamics and the Mechanics Svo, 4 50 

Vol. II. Form, Construction, and Working Svo, 5 50 

Notes on Elementary Kinematics Svo, boards, *i 00 

Graphics of Machine Forces Svo, boards, *i 00 

Heermann, P. Dyers' Materials xamo, 3 00 

Henderson, I. F. A Dictionary of Scientific Terms Svo, 4 50 

Hering, C, and Getman, F. H. Standard Tables of Electro-Chemical 

Equivalents : xamo, *2 00 

Hering, D. W. Essentials of Physics for College Students Svo, 2 25 

Herington, C. F. Powdered Coal as Fuel Svo, 450 

Herrmann, G. The Graphical Statics of Mechanism ismo, 2 00 

Herzfeld, J. Testing of Yams and Textile Fabrics ^vo. 

(New Edition in Preparation,) 
Sildenbrand, B. W. Cable-IMaking ...xGmo, 075 
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Hilditchy T. P. A Concise History of Chemistry i2mo, *z 50 

Hill, M. J. M. The Theory of Proportion 8vo, *2 50 

Hillhouse, P. A. Ship Stability and Trim Svo, 5 00 

Hiroiy I. Plate Girder Construction i6mo» 

Statically-Indeterminate Stresses lamo, 

Hirshfeldy C. F. Engineering Thermodynamics i6mOy 

Hoar, A The Submarine Torpedo Boat i2mo. 

Hobart, H. M. Heavy Electrical Engineering 8vo, 

Design of Static Transformers i2mO, 

Electricity 8vo, 

Electric Trains Svo (Reprinting.) 

Electric Propulsion of Ships Svo, 

Hobart, J. F. Hard Soldering, Soft Soldering and Brazing i2mo, 

Hobbs, W. R. P. The Arithmetic of Electrical Measurements i2mo, 

Hoff, J. N. Paint and Varnish Facts and Formulas i2m0| 

Hole, W. The Distribution of Gas Svo, 

Holmes, A. Nomenclature of Petrology Svo, 

Hopkins, N. M. Model Engines and Small Boats i2mo, 

The Outlook for Research and Invention i2mo. 

Hopkinson, J., Shoolbred, J. N., and Day, R. £. Dynamic Electricity. 

i6mo. 

Homer, J. Practical Ironfounding Svo, 

Gear Cutting, in Theory and Practice Svo (Reprinting.) 

Houghton, C. E. The Elements of Mechanics of Materials i2mo, 

Houstoun, R. A. Studies in Light Production i2mo, 

Hovenden, F. Practical Mathematics for Young Engineers i2mOy 

Howe, G. Mathematics for the Practical Man i2mo, 

Howorth, J. Repairing and Riveting Glass, China and Earthenware. 

Svo, paper, 

Hoyt, W. E. Chemistry by Experimentation Svo, 

Hubbard, E. The Utilization of Wood-waste Svo, 

Hiibner, J. Bleaching and Dyeing of Vegetable and Fibrous Materials. 

Svo, 
Hudson, 0. F. Iron and Steel Svo, 

Humphreys, A. C. The Business Features of Engineering Practice. Svo, 

Hunter, A. Bridge Work Svo. (In Press.) 

Hurst, G. H. Handbook of the Theory of Color Svo, 

Dictionary of Chemicals and Raw Products Svo, 

Lubricating Oils, Fats and Greases Svo, 

Soaps 8vo, *6 00 

Hurst 6. H., and Simmons, W. H. Textile Soaps and Oils Svo, 4 00 

Hurst, H. E., and Lattey, R. T. Text-book of Physics Svo, *3 00 

Also published in three 'parts. 

. Part I. Dynamics, and Heat 150 

Part n. Sound and Light i 50 

Part III. Magnetism and Electricity 2 00 

Hutchinson, R. W., Jr. Long Distance Electric Power Transmission. 

i2mo, 3 GO 

Hutchinson, R. W., Jr., and Thomas, W. A. Electricity in Mining. i2mo, 

(In Press.) 
Hyde, E. W. Skew Arches \^TRa^ 
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14 D. VAN NOSTRAND CO.'S SHORT TITLE CATALOG 

Hyde, F. S. Solvents, Oils, Gums, Waxes 8vo, *a oo 

Induction Coils i6mo. o 75 

Ingham, A. £. Gearing. A practical treatise Svo, *2 50 

Ingle, H. Manual of Agricultural Chemistry Svo, 500 

Inness, C. H. Problems in Machine Design i2mo, *s 00 

Centrifugal Pumps i2mo, *3 00 

The Fan z2mo, *4 00 

Jacob, A., and Gould, £. S. On the Designing and Construction of 

Storage Reservoirs i6mo. o 75 

Jacobs, F. B. Cam Design and Manufacture Svo, 2 00 

James, F. D. Controllers for Electric Motors Svo. q 00 

Jehl, F. Manufacture of Carbons Svo. a 00 

Jennings, A. S. Commercial Paints and Paintins Svo. 2 no 

Jennison, F. H. The Manufacture of Lake Pigments Svo, 6 00 

Jepson, G. Cams and the Principles of their Construction Svo, "'i 50 

Mechanical Drawing Svo (In Preparation.) 

Jervis-Smith, F. J. Dynamometers Svo. 4. 00 

Jockin, W. Arithmetic of the Gold and Silversmith i2mo, *i 00 

Johnson, C. H., and Earle, R. P. Practical Tesits for the Electrical 
Laboratory ( In Press.) 

Johnson, J. H. Arc Lamps and Accessory Apparatus i2mo, 075 

Johnson, T. M. Ship Wiring and Fitting i2mo (Reprinting.) 

Johnston, J. F> W., and Cameron, C. Elements of Agriculttirai Chemistry 

and Geology i2mo, 

Joly, J. Radioactivity and Geology i2mo, 

Jones, C. L. Service Station Management (In Press,) 

Jones, H. C. Electrical Nature of Matter and Radioactivity. .. .i2mo, 

Nature of Solution Svo, 

New Era in Chemistry i2mo, 

Jones, J. H. Tinplate Industry ' Svo, 

Jones, M. W. Testing Raw Materials Used in Paint i2mo, 

Jordan, L. C. Piactical Railway Spiral i2mo, leather, 

Jiiptner, H. F, V. Siderclogy: The Science of Iron Svo, 

Kapp, G. Alternate Current Machinery i6mo, o 75 

Kapper, F. Overhead Transmission Lines 4to, *4 00 

Keim, A. W. Prevention of Dampness in Buildings Svo, 

Keller, S. S., and Knox, W. E. Analytical Geometry and Calculus... 
Kemble, W. T., and Underbill, C. R. The Periodic Law and the Hydrogen 

Spectrum Svo, paper, 

Kemp, J. F. Handbook of Rocks '. Svo, 

Kennedy, A. B. W., and Thurston, R. H. Kinematics of Machineiy. 

i6mo, 
Kennedy, A. B. W., Unwin, W. C, and Idell, F. E. Compressed Air. 

i6mo, 

Kennedy, R, Flying Machines ; Practice and Design z2mo, 

Principles of Aeroplane Consttuctiotv Svo, 
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Kent, W. Strength of Materials i6mo, 075 

Kershaw, J. B. C. Fuel, Water and G«s Analysis 8vo, 3 50 

Electrometallurgy 8vo, 2 50 

Electro-Thermal Methods of Iron and Steel Production 8vo, *3 00 

The Use of Low Grade and Waste Fuel for Power Generation. Svo, 3 00 

Kingzett, C. T. Popular Chemical Dictionary Svo, 4 00 

Kinxbrunner, C. Continuous Current Armatures Svo, i 50 

— Testing of Alternating Current Machines Svo, *2 00 

Kinzer, H^ and Walter, K. Theory and Practice of Damask Weaving, 

Svo, 4 00 

Kirkaldy, A^ W., and Evans, A. D. History and Economics of 

Transport Svo, *3 00 

Kirkbride, J. Engraving for Illustration Svo, ""i 00 

Kirschke, A. Gas and Oil Engines iimo, "^i 50 

Klein, J. F. Design of a High-speed Steam-engine Svo, *5 00 

Physical Significance of Entropy Svo, *i 50 

Klingenberg, G. Large Electric Power Stations 4te, 9 00 

Knight, R.-Adm. A. M. Modern Seamanship Svo, *6 50 

Pocket Edition iimo, fabrikoid, 3 00' 

Knott, C. G., and Mackay, J. S. Practical Mathematics Svo, a 50 

Knox, J. Physico-Chemical Calculations iimo, i 50 

Fixation of Atmospheric Nitrogen iimo, i 00 

Koester, F. Steam-Electric Power Plants 4to, *5 00 

Hydroelectric Developments and Encireering 4to, 6 00 

Koller, T. The Utilization of Waste Products Svo. *5 00 

Cosmetics Svo, 3 50 

Koppe, S. W. Glycerine i2mo, *3 50 

Kozmin, P. A. Flour Milling Svo, S 50 

SIrauch, C. Chemical Reagents Svo, 7 00 

Kremann, R. Application of the Physico-Chemical Theory to Tech- 
nical Process and Manufacturing Methods Svo, 3 00 

Kretchmar, K. Yarn and Warp Sizing Svo, *5 00 

Laffargue, A. Attack in Trench Warfare i6mo, o 50 

Lallier, E. V. Elementary Manual of the Steam Engine iimo, *2 00 

Lambert, T. Lead and Its Compounds Svo, *3 50 

Bone Products and Manures Svo, *3 50 

Lambom, L. L. Cottonseed Products Svo, 4 00 

Modern Soaps, Candles, and Glycerin Svo, 10 00 

Lamprecht, R. Recovery Work After Pit Fires Svo, 5 00 

Lanchester, F. W. Aerial Flight. Two Volumes. Svo. 

Vol. I. Aerodynamics *6 00 

Vol. II. Aerodosetics *6 00 

Lanchester, F. W. The Flying Machine Svo, *3 00 

Industrial Engineering: Present and Post- War Outlook. . .lamo, i 00 

Lane, F. V. Motor Truck Transportation {In Frcss.X. 

Lange, K. R. By-Products of Coal-Gas Manufacture i2mo, 2 50 

La Rue, B. F. Swing Bridges i6mo, o 75 

Lassar-Cohn, Dr. Modern Scientific Chemistry i2mo, 2 25 

Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent Electric 

Lighting i6mo, o 75 

I^atta, M. N. Handbook of American Gas-Engineering Practice. .Svo, 5 00 
American Producer Gas Practice 4to, *6 
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Laws, B. C. Stability and Equilibrium of Floating Bodies Svo, 4 50 

Lawson, W. R. British Railways. A Financial and Commercial 

Survey 8vo, 200 

Lecky, S. T. S. "Wrinkles" in Practical Navigation 8vo, 10 00 

Pocket Edition Z2m0y 5 go 

Banger Angle i6mo, 2 50 

Le Doux, M, Ice-Making Machines i6mo, o 75 

Leeds, C. C. Mechanical Drawing for Trade Schools oblong 4t0y 2 25 

Mechanical Drawing for High and Vocational Schools 4to, i 50 

Principles of Engineering Drawing 8vo, 2 50 

Lefevre, L. Architectural Pottery 4to, 7 00 

Lehner, S. Ink Manufacture. 8vo, 2 50 

Lemstrom, S. Electricity in Agriculture and Horticulture 8vo, *i 50 

Letts, E. A. Fundamental Problems in Chemistry 8vo, *2 00 

Le Van, W. B. Steam-Engine Indicator i6mo, o 75 

Lewes, V. B. Liquid and Gaseous Fuels : 8vo, 3 00 

Carbonization of Coal 8vo, *5 00 

Lewis, L. P. Railway Signal Engineering (Mechanical) 8vo, 5 00 

Lewis Automatic Machine Rifle; Operation of < i6mo, *o 60 

Licks, H. E. Recreations in Mathematics i2mo, i 50 

Lieber, B. F. Lieber's Five Letter American Telegraphic Code .8vo, *i5 00 

Spanish Edition 8vo, *i5 00 

French Edition 8vo, *i5 00 

Terminal Index 8vo, *2 50 

Lieber's Appendix folio, *i5 00 

Handy Tables 4to, *2 50 

Bankers and Stockbrokers' Code and Merchants and Shippers' 

Blank Tables 8vo, *i5 00 

100,000,000 Combination Code .8vo, *io 00 

Livermore, V. P., and Williams, J. How to Become a Competent Motor- 
man i2mo, *i 00 

Livingstone, R. Design and Construction of Commutators Svo, 450 

Mechanical Design and Construction of Generators 8vo, 4 50 

Lloyd, S. L. Fertilizer Materials i2mo, 2 00 

Lockwood, T. D. Electricity, Magnetism, and Electro-telegraph Svo, 2 50 

Electrical Measurement and the Galvanometer i2mo, o 75 

Lodge, O. J. Elementary Mechanics i2mo> i 50 

Loewenstein, L. C, and Crissey, C. P. Centrifugal Pumps 5 00 

Lomax, J. W. Cotton Spinning i2mo, i 50 

Lord, R. T. Decorative and Fancy Fabrics • Svo, *3 50 

Loring, A. E. A Handbook of the Electromagnetic Telegraph. ..i6mo, o 75 

Lowy, A. Organic Type Formulas o 10 

Organic Type Reactions o 15 

and Downey, T. B. Study Questions in Organic Chemistry.. 

(In Press.) 

Lubschez, B. J. Perspective i2mo, 2 00 

Story of the Motion Picture i2mo, i 00 

^.ucke, C. E. Gas Engine Design Svo, *3 00 

— Power Plants: Design, Efficiency, and Power Costs. 2 vols. 

(Jn Preyaratian.) 
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tvckiesh, M. Color and Its Application Svo, 4 50 

Light and Shade and Their Applications ^ ...... . .8vo, 3 00 

—^Visual Illusions (In Preparation.) 

Xnnge, G. Coal-tar and Ammonia. Three Volumes Svo, '''as 00 

Technical Gas Analysis 8vo, *4 50 

Manufacture of Sulphuric Acid and Alkali. Four Volumes 8vo, 

Vol. I. Sulphuric Acid. In three parts (Reprinting.) 

Vol.1. Supplement 8vo (Reprinting.) 

Vol. n. Salt Cake, Hydrochloric Acid and Leblanc Soda. In two 

parts (In Press.) 

Vol. in. Ammonia Soda (In Press.) 

Vol. IV. Electrolytic Methods (In Press.) 

Technical Chemists' Handbook lamo, leather, *4 00 

Technical Methods of Chemical Analysis. 

Vol. I. In two parts 8vo (New Edition in Press,) 

Vol. II.- In two parts Sto (New Edition in Press.) 

Vol. III. In two parts 8vo (New Edition in Press.) 

The set (3 vols.) complete 

Xuquer, L. M. Minerals in Rock Sections 8vo, z 75 

MacBride, J. D. A Handbook of Practical Shipbuilding, 

i2mo, fabrikoid, 3 00 

Mackenzie, N. F. Notes on Irrigation Works 8vo, *2 50 

Mackie, J. How to Make a Woolen Mill Pay 8vo, *2 00 

Maguire, Wm. R. Domestic Sanitary Drainage and Plumbing 8vo, 4 00 

Malcolm, H. W. Submarine Telegraph Cable 9 00 

Malinovzsky, A Ceramics i2mo, 3 00 

Mallet, A. Compound Engines i6mo, 

Mansfield, A. N. Electro-magnets. i6mo, o 75 

Marks, E. C. R. CoHLtruction of Cranes and Lifting Machinery. i2mo, '^2 75 

Manufacture of Iron and Steel Tubes i2mo, 2 50 

Mechanical Engineering Materials i2mo, *i 50 

Marks, G. C. Hydraulic Power Engineering 8vo, 4 50 

Marsh, C. F. Concise Treatise on Reinforced Concrete 8vo, *2 50 

Reinforced Concrete Compression Member Diagram. Mounted on 

Cloth Scards *i .50 

Marsh, C. F., and Dunn, W. Manual of Reinforced Concrete and Con- 
crete Block Construction i6mo, 

Marshall, W. T., and Sankey, H. R. Gas Engines 8vo, 

Martin, G. Triumphs and Wonders of Modem Chemistry 8vo, 

Modern Chemistry and Its Wonders 8vo, 

Martin, N. Properties and Design of Reinforced Concrete Svo, 

Martin, W. D. Hints to Engineers i2mo, 

Massie, W. W., and Underbill, C. R. Wireless Telegraphy and Telephony. 

i2mo, 
Mathot, R. E. Internal Combustion Engines 8vo, 

Maurice, W. Electric Blasting Apparatus and Explosives ... 8vo, 

Shot Firer's Guide Svo, 

Maxwell, F. Sulphitation in White Sugar Manufacture i2mo, 

Maxwell, J. C. Matter and Motion i6mo. 
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Maxwell, W. H., and Brown, J. T. Encyclopedia of Municipal and Sani- 
tary Engineering .4to, *io oo 

Mayer, A. M. Lecture Notes on Physics m. 8vo, 2 oo 

McCracken, £. M., and Sampson, C. H. Course in Pattern Making. 

4to, 
McCullough, E. Practical Surveying lamo, 

McCuUough, R. S. Mechanical Theory of Heat 8vo, 

McGibbon, W« C. Indicator Diagrams for Marine Engineers 8vo» 

Marine Engineers' Drawing Book oblong 4to, 

McGibbon, W. C. Marine Engineers Pocketbook lamo, * 4 50 

Mcintosh, J. G. Technology of Sugar 8vo, *6 00 

Industrial Alcohol 8vo, *3 50 

Manufacture of Varnishes and Kincfr 3d Irdustric 8> T hree Volumes. 

8vo. 

Vol. I. Oil Crushing, Refining and Boiling 700 

Vol. II. Varnish Materials and Oil Varnish Making 5 00 

Vol.111. Spirit Varnishes and Materials 600 

KEcKillop, M., and McKillop, A. D. Efficiency Methods i2mo, i 50 

McKnight, J. D., and Brown, A. W. Marine Multitubular Boilers *2 50 

McMaster, J. B. Bridge and Tunnel Centres i6mo, o 75 

McMechen, F. L Tests for Ores, Minerals and Metals i2mo, i 50 

McNair, F. V. Handbook for Naval Officers i2mo, 4 00 

Meade, A. Modem Gas Works Practice Svo, *8 50 

Melick, C. W. Dairy Laboratory Guide i2mo, *i 25 

"Mentor." Self-Instruction for Students in Gas Supply. i2mo. 

Elementary 2 50 

Advanced 2 50 

Self-Instruction for Students in Gas Engineering. i2mo. 

Elementary 2 00 

Advanced 2 00 

Merivale, J. H. Notes and Formulae for Mining Students i2mo, i 00 

Merritt, Wm. H. Field Testing for Gold and Silver, ...i6mo, leather, 

Mertens. Tactics and Technique of River Crossings 8vo, 

Mierzinski, S. Waterproofing of Fabrics 8vo, 

Miessner, B. F. Radio Dynamics i2mo, 

Miller, G. A. Determinants i6mo. 

Miller, W. J. Introduction to Historical Geology .i2mo, 

Mills, C. N. Elementary Mechanics for Engineers 8vo, 

Mills, John. Within the Atom % . i2mo (In Press.) 

Milroy, M. E. W. Home Lace-making i2mo, 

Church Lace i2mo, 

Mitchell, C. A. Mineral and Aerated Waters Svo, 

Mitchell, C. A., and Priddaux, R. M. Fibres Used in Textile and Allied 

Industries 8vo, 

Mitchell, C. F., and G. A. Building Construction and Drawing. i2mo. 

Elementary Course 

Advanced Course 

MoncktoTi, C. C. F. Radiotelegraphy 8vo, 

Monteverde, R. D. Vest Pocket Glossary qf English-Spanish, Spanish- 
English Technical Terms 64mo, leather, 

Montq:omery, J. H. Electric Wirinfij Specifications i6mo, 

Moore, E. C. S. New Tables for the Complete Solution of Ganguillet and 

Kutter's Formula 8vo, 

', Harold. Liquid Fuel for Internal Combustion Engines. . .8vo, 
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Morecroft, J. H«, and Hehre, F. W. Short Course in Electrical Testing. 

8V0, 2 GO 

Morgan, A. P. Wireless Telegraph Construction for Amateurs. .i2mo, i 50 
Morrell, K. S^ and Waele, A £. Rubber, Resins, Paints and Var- 
nishes 8vo, 400 

Moses, A J. The Characters of Crystals 8vo, 

and Parsons, C. L. Elements of Mineralogy 8vo, 

Moss, S. A. Elements of Gas Engine Design i6mo, 

The I«ay-out of Corliss Valve Gears i6mo, 

Mulford, A C. Boundaries and Landmarks i2mo, 

Munby, A. E. Chemistry and Physics of Building Materials 8yo, 

Murphy, J. G. Practical Mining i6mo, 

Murray, B. M. Chemical Rviagents 8vo, 

Murray, J. A Soils and Manures 8vo, 

Kasmith, J. The Student's Cotton Spinning 8vo, 

-^- Recent Cotton Mill Construction iimo, 

Neave, G. B., and Heilbron, I. M. Identification of Organic Compounds. 

i2mo, 

Ifeilson, R. M. Aeroplane Patents 8vo, 

Herz, F. Searchlights 8vo (Reprinting.) 

IVewbigin. M. I., and Flett, J. S. James Geikie, the Man and the 

Geologist 8vo, 

Hewbiging, T. Handbook for Gas Engineers and Managers Svo, 

Newell, F. H., and Drayer, C. £. Engineering as a Career. .i2mo, cloth, 
Hicol, G. Ship Construction and Calculations 8yo, 

Nipher, F. £. Theory of Magnetic Measurements i2mo, 

Nisbet, H. Grammar of Textile Design 8vo, 

Kolan, H. The Telescope i6mo, 

IVorie, J. W. Epitome of Navigation (2 Vols.) octavo, 

A Complete Set of Nautical Tables with Explanations of Their 

Use octavo, 

North, H. B. Laboratory Experiments in General Chemistry z2mo, 

O'Connor, H. The Gas Engineer's Pocketbook i2mo, leather, 

Ohm, G. S., and Lockwood, T. D. Galvanic Circuit i6mo, 

Olsen, J. C. Text -book of Quantitative Chemical Analysis Svo, 

Orrasby, M. T. M. Surveying i2mo, 

Oudin, M. A. Standard Polyphase Apparatus and Systems Svo, 

Pakes, W. C. C, and Nankivell, A. T. The Science of Hygiene . .Svo, *i 75 

Palaz, A. Industrial Photometry Svo, 5 00 

Palmer, A. R. Electrical Experiments i2mo, o 75 

Magnetic Measurements and Experiments i2mo, 075 

Pamely, C. Colliery Manager's Handbook Svo, *io co 

Parker, P. A. M. The Co^t'ol cf Water Svo, 6 oq 

Parr, G. D. A. Electrical Enp^ineeriair Pleasr ing Instruments. .. .Svo, *3 50 
Parry, E. J Chemistry of Essential Oils and Artificial Perfumes. 

Vol. I. Monographs on Essential 0?ls 9 00 

Vol. II. Constituents of ^«?senti£il Oils, Analysis 7 oo 

Foods and Drugs. Two Volumes. 

Vol. I. The Analysis of Food and Drugs Svo,. 950 

Vol. II. The Sale of Food and Drugs Acts Svo, 3 ^r 

and Coste, J. H. Chemistry of Pigments Svo, *5 < 
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Parry, L Hotes on Alloys 8vo, *3 50 

Metalliferous Wastes 8vo, *2 50 

Analysis of Ashes and Alloys. •••!.• 8vo, *2 50 

Parry, L. A. Risk and Dangers of Various Occupations Svo, "^3 50 

Parshall, H. F., and Hobart, H. M. Electric Railway Engineering. 4to, 7 50 

Parsons, J. L, Land Drainage Svo, *i 50 

Parsons, S. J. Malleable Cast Iron Svo, 3 50 

Partington, J. R. Higher Mathematics for Chemical Students. .i2mo, 2 50 

Textbook of Thermodynamics Svo, *4 00 

The Alkali Industry Svo, 3 00 

Patchell, W. H. Electric Power in Mines Svo, *4 00 

Paterson, G. W. L. Wiring Calculations lamo, *2 50 

Electric . Mine Signalling Installations lamo, *i 50 

Patterson, D. The Color Printing of Carpet Yams Svo, *3 50 

Color Matching on Textiles Svo, *3 50 

Textile Color Mixing < Svo, *3 50 

Paulding, C. P. Condensation of Steam in Covered and Bare Pipes. .8vo, *2 00 

Transmission of Heat through Cold-storage Insulation: ...... i2mo, *i 00 

Payne, D. W. Iron Founders' Manual . ..1 Svo, 4 50 

Peddie, R. A. Engineering and Metallurgical Books i2mo, *i 50 

Peirce, B. System of Analytic Mechanics 4to, 10 00 

Linear Associative Algebra 4to, 2 50 

Perkin, F. M., and Jaggers, E. M. Elementary Chemistry i2mo, i 00 

Perrin, J. Atoms Svo, *2 50 

Petit, G. White Lead and Zinc White Paints ^ Svo, *2 00 

Petit, R. How to Build an Aeroplane , Svo, i 50 

Pettit, Lieut. J. S. Graphic Processes ; i6mo, 075 

Philbrick, P. H. Beams and Girders i6mo, 

Phin, J. Seven Follies of Science i2mo, '' 50 

Pickworth, C. N. Logarithms for Beginners i2mo, boards,* i 00 

The Slide Rule i2mo, i 50 

Pilcher, R B. The Profession of Chemistry i2mo, 2 00 

Pilcher, R. B., and Butler- Jones, F. What Industry Owes to Chemical 

Science i2mo, i 5a 

Plattner's Manual of Blow-pipe Analysis. Eighth Edition, revised. Svo, 4 oo 

Plympton, G. W. The Aneroid Barometer i6mo, o 75 

How to Become an Engineer i6mo, o 75 

Van Nostrand's Table Book i6mo, o 75 

Pochet, M. L. Steam Injectors i6mo, o 75 

Pocket Logarithms to Four Places i6mo, o 75 

i6mo, leather, i 00 

Polleyn, F. Dressings and Finishings for Textile Fabrics Svo, *j 50 

Pollock, W. Hot Bulb Oil Engines and Suitable Vessels Svo, 10 00 

Pope, F. G. Organic Chemistry i2mo, 3 00 

Pope, F. L. Modern Practice of the Electric Telegraph Svo, i 50 

Popplewell, W. C. Prevention of Smoke Svo, *3 50 

Strength of Materials Svo, *2 50 

Porritt, B. D. The Chemistry of Rubber i2mo, i 00 

Porter, J. R. Helicopter Flying Machine. , i2mo, i 50 

Potts, H. E. Chemistry of the Rubber Industry Svo, 2 50 

Practical Compounding of Oils, Tallows and Grease Svo, *3 50 

Pratt, A. E. Economic Metallurgy (In Press.) 

Pratt, Jas, Elementary Machine Shop Practice Svo, 2 50 

^ Boiler Draught -L-rcckSi^ *\ 25 



D. VAN NOSTRAND CO/S SHORT TITLE CATALOG 21 

Prelini, C. Earth and Rock Excavation 8vo, *3 00 

Graphical Determinatioa of Earth Slopes 8vo, *2 00 

—— Tunneling. New Edition 8vo, *3 00 

— ~ Dredging. A Practical Treatise 8vo, *3 00 

Fresco tt, A. B., and Johnson, 0. C. Qualitative Chemical Analysis. .8vo, 4 00 

Prescott, A. B., and Sullivan, £. C. First Book in Qualitative Chemistry, z 50 

Prideauxy £. B. R. Problems in Physical Chemistry Svo, 4 50 

The Theory and Use of Indicators 8vo, 5 00 

Prince, G. T. Flow of Water , i2mo, *2 00 

Pull, £. Modem Steam Boilers Svo, 5 00 

Pullen, W. W. F. Application of Graphic Methods to the Design of 

Structures i2mo, 3 00 

— r- Injectors: Theory, Construction and Working i2mo, *2 00 

Indicator Diagrams Svo, 3 00 

Engine Testing Svo, *5 50 

Purday, H. F. P. The Diesel Engine Design Svo, 7 50 

Rafter, G. W. Mechanics of Ventilation i6mo, o 75 

Potable Water i6mo, o 75 

Treatment of Septic Sewage i6mo, o 75 

and Baker, M. N. Sewage Disposal in the United States 4to, 6 00 

Raikes, H. P. Sewage Disposal Works Svo, *4 00 

Randau, P. Enamels and Enamelling Svo, *5 00 

Rankine, W. J. M. A Manual of Applied Mechanics..... Svo, 6 00 

Civil Engineering Svo. 7 50 

Machinery and Millwork Svo, 600 

The Steam-engine and Other Prime Movers Svo, 6 00 

Raphael, F. C. Localization of Faults in Electric Light and Power Mains. 

Svo, 5 GO 

Rasch, E. Electric Arc Phenomena Svo, 200 

Rathbone, R. L. B. Simple Jewellery Svo, 2 50 

Rausenberger, F. The Theory of the Recoil Guns Svo, *5 00 

Rautenstrauch, W. Notes on the Elements of Machine Design. Svo, boards, *i 50 
Rautenstrauch, W., and Williams, J. T. Machine Drafting and Empirical 
Design. 

Part I. Machine Drafting Svo, z 50 

Part n. Empirical Design {In Preparation.) 

Raymond, E. B. Alternating Current Engineering i2mo, *2 50 

Rayner, H. Silk Throwing and Waste Silk Spinning Svo, 5 00 

Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery Trades, 

Svo, *5 GO 

Recipes for Flint Glass Making i2mo, *5 00 

Redfern, J. B., and Savin, J. Bells, Telephones i6mo, o 75 

Redgrove, H. S. Experimental Mensuration iimo, i 50 

Reed, E. G. The Transformers {In Press.) 

Reed, S. Turbines Applied to Marine Propulsion *5 00 

Reed's Engineers' Handbook Svo, 9 00 

Key to the Nineteenth Edition of Reed's Engineers' Handbook. Svo, 3 50 

Useful Hints to Sea-going Engineers i2mo, 2 50 

Reeve, F. C. Elementary Qualitative Analysis of the Metals and Acid 

Radicals i2mo, z 50 

Reid, E. E. Introduction to Research in Organic Chemistry. (In Press.) 
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Reinhardt, C. W« Let te r in g for Draftsmen, Engineers^ and Stndezts. 

obiong 4to, boards, i 25 
Beinliardt, C. W. The Tedmic of MechaTtical l>iafti]i& 

oUoi^ 4tD, boards, ^i 00 

Setser, F. Hardening and Temperoig of Steel lamo, 2 50 

Setser, H. Fanlts in the Mannfactore of Woolen Goods 8to, 2 50 

Spinning and Wearing Calculations Syo, ^500 

Senwicky W. 6. Marble and Marble Workii^ 8to, 6 50 

SenleavZy F. The Constmctor 4to, 400 

£ey, Jean. The Range of Electric Searchli^t Projectors 8to, 4 50 

Reynolds, 0^ and Idell, F. E. Tri^e Expansion Engines i6mo, o 75 

Rhead, G. F. Simple Structural Woodworic i2mo, *i 25 

Rhead, G. W. British Pottery Marks 8yo, 3 50 

R hodes, E> J. Art of litlu^graphy 8t3, 500 

Rice, J. M and Johnson, W. W. A New Method of Obtaining the Differ^ 

ential of Functions i2mo, o 50 

Richards, E. G. Experience Grading and Rating Schedvle 8vO; 4 00 

Hyhardi, W. A. Forging of Iron and Steel i2mo 2 25 

Richards, W. A^ and Nordi, H. B. Manual of Cement Testing i2mo, *i 50 

Richardson, J. The Modern Steam Engine : . . .8yo, *3 50 

Richardson, S. S. Magnetism and Electricity i2mo, ^2 00 

Rideal, E. K. Industrial Electrometallurgy 8yo, 300 

The Rare Earths and Metals 8vo (In Press.) 

Ozone 8vo, 400 

Rideal, S. Glue and Glue Testing 8to, *5 00 

The Carbohydrates Svo, 4 00 

Riesenberg, F. The Men on Deck i2mo, 3 00 

Standard Seamanship for the Merchant Marine. i2mo (In Press.) 

Rimmer, E. J. Boiler Explosions, Collapses and Mishaps 8yo, 2 25 

Rings, F. Reinforced Concrete in Theory and Practice i2mo, *4 5a 

Ripper, W. Course of Instruction in Machine Drawing folio, *6 00 

Roberts, F. C. Figure of the Earth i6mo, o 75 

Roberts, J., Jr. Laboratory Work in Electrical Engineering 8yo, *2 00 

Robertson, J. B. The Chemistry of Coal i2mo, 125 

Robertson, L. S. Water-tube Boilers 8vo, 2 00 

Robinson, J. B. Architectural Composition Svo, 3 50 

Robinson, S. W. Practical Treatise on the Teeth of Wheels. .i6mo, o 75 

Railroad Economics i6mo, o 75 

Wrought Iron Bridge Members i6mo, o 75 

Robson, J. H. Machine Drawing and Sketching Svo, *2 00 

Roebling, J. A. Long and Short Span Railway Bridges folio. 25 00 

Rogers, A. A Laboratory Guide of Industrial Chemistry Svo, 2 00 

' Elements of Industrial Chemistry i2mo, *3 00 

Manual of Industrial Chemistry Svo, 7 50 

Rogers, F. Magnetism of Iron Vessels i6mo, o 75 

Rohland, P. Colloidal and Crystalloidal State of Matter i2mo, 

(Repriniiftg.) 

RoUinson, C. Alphabets Oblong, i2mo, 125 

*-*— T. The Pattern-makers' Assistant Svo, 2 50 

r to Eng^ea and Engine-running zamo, 2 50 

K. The PrecioiiB Metals ^▼o, 2 50 
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ROsenhain, W. Glass Manufacture Svo, 400 

Physical Metallurgy, An Introduction to 8vo, 4 00 

Roth, W. A. Physical Chemistry 8vo, *2 00 

Rowan, F. J., and Idell, F. E. Boiler Incrustation and Corrosion. i6mo, o 75 

Roxburgh, W. General Foundry Practice 8vo, 250 

Ruhmer, E. Wireless Telephony .Svo, 4 50 

Russell, A. Theory of Electric Cables and Network Svo, 5 00 

Rust, A. Practical Tables for Navigators and Aviators Svo, 3 50 

Rutley, F. Elements of Mineralogy i2mo, 2 50 

Sandeman, E. A. Notes^ on the Manufacture of Earthenware. ..i2mo, 3 50 

Sanford, P. G. Nitro-explosives Svo, *4 00 

Saunders, C. H. Handbook of Practical Mechanics i6mo, 150 

leather, 2 00 

Sayers, H. M. Brakes for Tram Cars Svo, *i 23 

Schaefer, C. T. Motor Truck Design Svo, 250 

Scheithauer, W. Shale Oils and Tars Svo, +4 00 

Scherer, R. Casein Svo, 3 50 

Schidrowitz, P. Rubber, Its Production and Industrial Uses 8vc, *6 00 

Schindler, K. Iron and Steel Construction Works lamo, *2 00 

Schmall, C. N. First Course in Analytic Geometry, Plane and Solid. 

i2mo, 2 00 

and Shack, S. M. Elements of Plane Geometry i2mo, i 25 

Schmeer, L. Flow of Water ; Svo, i 50 

Schwarz, E. H. L. Causal Geology Svo, *3 00 

Schweizer, V. Distillations of Resins Svo, 5 00 

Scott, A. H. Reinforced Concrete in Practice i2mo, 2 00 

Scott, W. W. Qualitative Analysis. A Laboratory Manual. New 

Edition 3 00 

Standard Methods of Chemical Analysis Svo, 7 50 

Scribner, J. M. Engineers' and Mechanics' Companion. .i6mo, leather, i 50 
Scudder, H. Electrical Conductivity and loniaration Constants of 

Organic Compounds Svo, *3 00 

Seamanship, Lectures on T'zmo, 2 00 

Searle, A. B. Modern Brickmaking Svo, 7 00 

Cement, Concrete and Bricks Svo, 3 00 

Searle, G. M. ''Sumners* Method.'* Condensed and Improved. 

i6mo, o 75 

Seaton, A. E. Manual of Marine Engineering Svo, 10 00 

Seaton^ A. E., and Rounthwaite, H. M. Pocket-book of Marine Engi- 
neering i6mo, leather, 6 00 

Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India Rubber and 

Gutta Percha Svo, 6 00 

Seidell, A. Solubilities of Inorganic and Organic Substances Svo, 7 50 

ScUew, W. H. Steel Rails 4to, *io 00 

Railway Maintenance Engineering i2mo, 3 00 

Senter, G. Outlines of Physical Chemistry i2mo, 3 00 

Text-book of Inorganic Chemistry i2mo. *3 00 

Sever, G. F. Electric Engineering Experiments Svo, board^^. '*'i 00 

Sever, G. F., and Townsend, F. Laboratory and Factory Tests in Ele'*- 

trical Engineering Svo, *2 50 

Sewall, C. H. Wireless Telegraphy Svo, *2 00 

Lessons in Telegraphy i2mn. *i 00 

Sexton, A. H. Chemistry of the Materials of Engineering i2mo, 3 00 

Alloys (Non-Ferrous) Svo, 3 50 



» 
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Sexton, A. H., and Primrose, J. S. 6. The Metallurgy of Iron and Steel. 

8vo, 

The Common Metals (Non-Ferrous) 8vo, 

Seymour, A. Modern Printing Inks 8vo, 

Shaw, Henry S. H. Mechanical Integrators i6mo, 

Shaw, J. B. Vector Calculus (In Press.) 

Shaw, T. R. Driving of Machine Tools i2nio, 

Precision Grinding Machines icmo, 

Shaw, W. N. Forecasting Weather 8vo (Reprinting.) 

Sheldon, S., and Hausniann, £. Dynamo Electric Machinery, AC. 

. and D.C 8vo (In Press.) 

Electric Tracilion and Transmission Engineering lamo, 

Physical Laboratory Experiments, for Engineering Students. .8vo, 

Sherriff, F. F. Oil Merchants' Manual and Oil Trade Ready Reckoner, 

8vo, 
Shields, J. E. Notes on Engineering Construction i2mo, 

Shreve, S. H. Strength of Bridges and Roofs 8vo, 

Shunk, W. F. The Field Engineer lamo, f abrikoid, 

Silverman, A., and Harvey, A. W. Laboratory Directions and Study 

Questions in Inorganic Chemistry 4to, loose leaf, 

Simmons, H. E. Rubber Manufacture 4to, 

Simmons, W. H. Fats, Waxes and Essential Oils. .8vo (In Press.) 

Simmons, W. H., and Appleton, H. A. Handbook of Soap Manufacture, 

8/0, 

Simmons, W. H., and Mitchell, C. A. Edible Fats and Oils 8vo, 

Simpson, G. The Naval Constructor i2mo, f abrikoid, 

Simpson, W. Foundations 8v0. (In Press.) 

Sinclair, A. Development of the Locomotive Engine. . . Bvo, half leather, 
Sindall, R. W. Manufacture of Paper 8vo, 

Sindall, R. W., and Bacon, W. N. The Testing of Wood Pulp 8vo, 

Wood and Cellulose. 8vo (In Press.) 

Sloane, T. 0*C. Elementary Electrical Calculations i2mo, 2 50 

Short-Cuts in Arithmetic (In Press.) 

Smallwood, J. C. Mechanical Laboratory Methods i2mo, f abrikoid, 3 00 

Smith, C. A. M. Handbook of Testing, MATERIALS 8vo, 5 00 

Smith, C. A. M., and Warren, A. G. New Steam Tables 8vo, i 00 

Smith, C. F. Practical Alternating Currents and Testing 8vo, 

Practical Testing of Dynamos and Motors. 8vo, 

Smith, F. E. Handbook of General Instruction for Mechanics . . . i2mo, 
Smith, G. C. Trinitrotoluenes and Mono- and Dinitrotoluenes, Their 

Manufacture and Properties , i2mo. 

Smith, H. G. Minerals and the Microscope i2mo. 

Smith, J. C. Manufacture of Paint 8vo, 

Smith, R. H. Principles of Machine Work i2mo, 

Advanced Machine Work i2mo, 

Smith, W. Chemistry of Hat Manufacturing. lamo, 

Snell, F. D. Colorimetric Analysis .' . lamo (In Press.) 

Snow, W. G., and Nolan, T. Ventilation of Buildings i6mo, o 75 

c-^dy, F. Radioactivity. ... . 8vo (Reprinting.) 

on, M. Electric Lamps 8vo, 

scales, A. N. Mechanics for Marine Engineers lamo, 

icbanical and Marine Engineering Science. 8vo, 
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Sothern, J. W. The Marine Steam Turbilie 8vo, 15 00 

Verbal Notes and Sketches for Marine Engineers 8vo, 1500 

Marine Engine Indicator Cards 8v6, 4 50 

Oil Fuel Burning in Marine Practice Svo, 7 50 

Sothern, J. W., and Sothern, R. M. Simple Problems in Marine 

Engineering Design ; i2mo, 3 00 

Souster, E. G. W. Design of Factory and Industrial Buildings. . .8vo, 4 00 

Southcombe, J. E. Chemistry of the Oil Industries 8vo, 3 50 

Soxhlet, D. H. Dyeing and Staining Marble 8yOy 2 50 

Spangenburg, L. Fatigue of Metals i6mo, o 75 

Specht, G. J., Hardy, A. S., McMaster, J. B., and Walling. Topographical 

Surveying idmo, o 75 

Spencer, A. S. Design of Steel-Framed Sheds Svo, *3 50 

Spiegel, L. Chemical Constitution and Physiological Action. .. .i2mo, i 25 

Sprague, E. H. Hydraulics izmo, 2 00 

Elements of Graphic Statics 8vo, 2 co 

Stability of Masonry ismo, 2 00 

Elementary Mathematics for Engineers. i2mo, 2 00 

Stability of Arches i?.mo, 2 00 

Strength of Structural Elements i2mo, 2 00 

^Moving Loads by Influence Lines and Other Methods i2mo, 2 00 

Stahl, A. W. Transmission of Power i6mo, 

Stahl, A. W., and Woods, , A. T. Elementary Mechanism i2mo, 2 25 

Standage, H. C. Leatherworkers* Manual 8vo, 4 50 

Sealing Waxes, Wafers, and Other Adhesives 8vo, *2 50 

Agglutinants of All Kinds for All Purposes i2mo, 3 50. 

Stanley, H. Practical Applied Physics (In Press.) 

Stansbie, J. H. Iron and Steel 8vo, 2 50 

Steadman, F. M. Unit Photography i2mo, 2. 50 

Stecher, G. E. Cork. Its Origin and Industrial Uses i2mo, i 00 

Steinheil, A., and Voit, E. Applied Optics^ Vols. I. and II. 8vo, 

Each, 5 00 
Two Volumes Set, 9 00 

Steinman, D. B. Suspension Bridges and Cantilevers. (Science Series 

No. 127.) ^ o 75 

Melan's Steel Arches and Suspension Bridges 8vo, *3 00 

Stevens, A. B. Arithmetric of Pharmacy i2mo, i 50 

Stevens, E. J. Field Telephones and Telegraphs i 20 

Stevens, H. P. Paper Mill Chemist i6mo, 4 00 

Stevens, J. S. Theory of Measurements i2mo, *! 25 

Stevenson, J. L. Blast-Furnace Calculations i2mo, leather, 2 50 

Stewart, G. Modern Steam Traps i2mo, *i 75 

Stiles, A. Tables for Field Engineers Z2mo, i 00 

Stodola, A. Steam Turbines Svo, 7 50 

Stone, E. W. Elements of Radiotelegraphy i2mo, fabrikoid, 2 50 

Stone, H. The Timbers of Commerce 8vo, 400 

Stopes, M. The Study of Plant Life Svo, 2 00 

Sudborough, J. J., and James, T. C. Practical Organic Chemistry. i2mo, 3 50 

Suf fling, E. R. Treatise on the Art of Glass Painting Svo, *3 5© 

Sullivan, T. V., and Underwood, N. Testing and Valuation of Build- 
ing and Engineering Materials (/« Press,) 

Svenson, C. L. Handbook on Piping Svo, 4 00 

Essentials of Drafting .Svo, i 75 

Mechanical and Machine Drawing and Design (In Press.) 

Swan, K. Patents, Designs and Trade Marks, ^vo, . a 00 
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m 

Swinburne, J., Wordingham, C. H., and Martin, T. C. Electric Currents. 

i6mo, 
Swoope, C. W. Lessons in Practical Electricity i2mo, 

Tailfer, L. Bleaching Linen and Cotton Yarn and Fabrics Svo, 

Tate, J. S. Surcharged and Different Forms of Retaining- walls. .iGmo, 

Taylor, F. N. Small Water Supplies i2mo, 

Masonry in Civil Engineering 8vo, 

Taylor H. S. Fuel Production and Utilization 8vo, 

Taylor, W. T. Calculation of Electrical Conductors 4to, 

Electric Power Conductors and Cables ..8vo (In Press.) 

Calculation of Electric Conductors 4to (In Press,) 

Templeton, W. Practical Mechanic's Workshop Companion. 

i2mo, morocco, 2 00 

Tenney, E, H. Test Methods for Steam Power Plants../ i2mo, 3 00 

Terry, H. L. India Rubber and its Manufacture Svo, 3 00 

Thayer, H. R. Structural Design. Svo. 

Vol. I. Elements of Structural Design 3 50 

Vol. II. Design of Simple Structures 450 

Vol. III. Design of Advanced Structures (In Preparation.) 

Foundations and Masonry (In Preparation.) 

Thiess, J. B., and Joy, G. A. Toll Telephone Practice Svo, 

Thorn, C, and Jones, W. H. Telegraphic Connections.. . .oblong, i2mo, 

Thomas, C. W. Paper-makers' Handbook (In Press.) 

Thomas, J. B. Strength of Ships Svo, 

The Powering of Ships Svo, 

Thomas, Robt. 6. Applied Calculus i2mo, 

Thompson, A. B. Oil Fields of Russia 4to, 

— ;— Oil Field Development 15 00 

Thompson, S. P. Dynamo Electric Machines i6mo, 

Thompson, W. P. Handbook of Patent Law of All Coimtrles i6mo, 

Thomson, G. Modem Sanitary Engineering i2mo, 

Thomson, G. S. Milk and Cream Testing i2mo, 

Modem Sanitary Engineering, House Drainage, etc Svo, 

Thomessen, E. G. Soap-Making Industry i2mo (In Press,) 

Thornley, T. Cotton Combing Machines Svo, 

— Cotton Waste Svo, 6 00 

Cotton Spinning. Svo. 

Elementary Cotton Spinning ^ Svo, 5 00 

Second Year ; *3 50 

Third Year *2 50 

Thurso, J. W. Modem Turbine Practice Svo, *4 00 

Thurston, A. Pharmaceutical and Food Analysis (In Press.) 

Tidy, C. Meymott. Treatment of Sewage i6mo, 

Tilmans, J. Water Purification and Sewage Disposal Svo, 

Tinkler, C. K., and Masters, H. Applied Chemistry Svo, 

Tinney, W. H. Gold-mining Machinery Svo, 

Titherley, A. W. Laboratory Course of Organic Chemistry 8v9, 

Tizard, H. T. Indicators (In Press.) 

Toch, M. Chemistrv and Technolojjy of Paints Svo, 

Materials for Permanent Painting i2mo, 

Tod, J., and McGibbon, W. C. Marine Engineers' Board of Trade 

Examinations Svo, 

'odd, J., and WhPll, W. B. Pract'cal Seamanship Svo, 

>wnsend, F. Alternating Current En«Jn^etm^ 8vo, boards, 
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Townsend, J. S. Ionization of Gases by Collision 8vo, *i 25 

Transactions of the American Institute of Chemical Engineers, 8vo. 

Vol. XII., 1919. Two Parts ^ Each, 500 

Vol. XIII. Part I, 1920 5 CO 

Vol. I. to XI., 1908-1918 Svo, each, 6 00 

Traverse Tables i6mo, o 75 

Treiber, E. Foundry Machinery i2mo, 2 00 

Trinks, W. Governors and Governing of Prime Movers Svo, 3 50 

Trinks, W., and Housum, C. Shaft Governors i6mo, 075 

Trivelli, A. P. H., and Sheppard, S. E. Silver Bromide Grain of 

Photographic Emulsions Svo, 2 50 

Trowbridge, W. P. Turbine Wheels i6mo, o 75 

Tucker, J. H. A Manual of Sugar Analysis Svo, 3 50 

TurnbuU, Jr., J., and Robinson, S. W. A Treatise on the Compound 

Steam-engine i6mo, o 75 

Turner, H. Worsted Spinners' Handbook i2mo, *s 00 

Turrill, S. M. Elementary Course in Perspective i2mo, *i 25 

Twyford, H. B. Purchasing Svo, 4 00 

Storing, Its Economic Aspects and Proper Methods 8vo, 3 50 

Underbill, C. R. Solenoids, Electromagnets and Electromagnetic Wind- 
ings i2mo, 3 00 

Underwood, N., and Sullivan, T. V. Chemistry and Technology of 

Printing Inks .Svo, 4 00 

Urquhart, J. W. Electro-plating i2mo, 3 00 

Electrotyping i2mo, 2 00 

Usborne, P. O. G. Design of Simple Steel Bridges Svo, *4 00 

Van Nostrand's Chemical Annual. Fourth issue i9iS.fabrikoid, i2mo, *s 00 

Van Wagenen, T. F. Manual of Hydraulic Mining i6mo, i 00 

Vega, Baron Von. Logarithmic Tables Svo, 2 50 

Vincent, C. Ammonia and its Compounds. Trans, by M. J. Salter. Svo, *2 50 

Virgin, R. Z. Coal Mine Management (In Press.) 

Volk, C. Haulage and Winding Appliances Svo, *4 00 

Von Georgievics, G. Chemical Technology of Textile Fibres Svo, 7 00 

A Text Book of Dye Chemistry Svo, 12 00 

Vose, G. L. Graphic Method for Solving Certain Questions in Arithmetic 

and Algebra , i6mo, o 75 

Vosmaer, A. Ozone Svo, *2 50 

Wabner, R. Ventilation in Mines Svo, 5 00 

Wadmore, T. M. Elementary Chemical Theory i2mo, *i 5« 

Wagner, E. Preserving Fruits, Vegetables, and Meat.., i2mo, *2 50 

Wacjner, H. E., and Edwards, H. W. Railway Engineering Estimates. 

^y (In Press.) 

Wagner, J. B. S«aii^ng of Wood Svo, 4 00 

Waldram, P. J. Principles of Structural Mechanics i2mo, 400 

Walker, F. Dynamo Building i6mo, o 75 

Walker, J. Organic Chemistry for Students of Medicine Svo, 4 00 

Walker, S. F. Refrigeration, Heating and Ventilation on Shipboard 

fabrikoid, i2mo, 

— — Electricity in Mining Svo, 

. Electric Wiring and Fitting Svo, 
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Wallis-Tayler, A. J. Bearings and Lubrication 8vo (Reprinting.) 

Aerial or Wire Ropeways 8vo 

Preservation of Wood ; . . .svo,' 

Refrigeration, Cold Storage and Ice Making ,, . 8vo, 

Sugar Machinery i2nio, 

Walsh, J, J. Chemistry and Physics of Mining and Mine Ventilation, 

z2mo, 
Wanklyn, J. A. Water Analysis , i2mo, 

Wansbrough, W. D. The A B C of the Differential Calculus lamo, 

Slide Valves lamo. 

Waring, Jr., G. E. Sanitary Conditions *. i6mo, 

Sewerage and Land Drainage *6 



Modern Methods of Sewage Disposal i2mo, 

flow to Drain a House i2mo, 

Warnes, A. R. Coal Tar Distillation Svo, 

Warren, F. D. Handbook on Reinforced Concrete. . .' i2mo, 

Watkins, A. Photography ^ 8vo, 

Watkins, G. P. Electrical Rates 8vo, 

Watson, E. P. Small Engines and Boilers i2mo. 

Watt, A. Electro-plating and Electro-refining of Metals 8vo, 

Electro-metallurgy i2mo, 

Paper-Making 8vo, 

Leather Manufacture Svo, 

The Art of Soap Making •. svo, 

Electro-Plating i2mo, 

Webb, H. L. Guide to the Testing of Insulated Wires and Cables. i2mo, 
Wegmann, Edward. Conveyance- and Distribution of Water for 

Water Supply Svo; 

Weisbach, J. A Manual of Theoretical Mechanics Svo, *6 oo 

Weisbach, J., and Herrmann, G. Mechanics of Air Machinery. .. .Svo, 

Wells, M. B. Steel Bridge Designing Svo, 

- Wells, Robt. Ornamental Confectionery i2mo, 

Weston, E. B. Loss of Head Due to Friction of Water in Pipes. .i2mo, 
Whipple, S. An Elementary and Practical Treatise on Bridge Building. 

Svo, 
White, C. H. Method^ of Metallurgical Analysis i2mo. 

White, G. F. Qualitative Chemical Analysis i2mo. 

White, G. T. Toothed Gearing i2mo. 

White, H. J. Oil Tank Steamers i2mo. 

Whitehead, S. E. Benzol Svo, 

Whitelaw, John. Surveying Svo, 

Whittaker, C. M. The Application of the Coal Tar Dyestuffs. ..Svo, 

Testing of Dyestuffs in the Laboratory Svo, 

Widmer, E. J. Military Balloons Svo, 

Wilcox, R. M. Cantilever Bridges ^^^««4MUMf; i6mo, 

Wilda, H. Steam Turbines i2mo, 

Cranes and Hoists i2mo, 

Wilkinson, H. D. Submarine Cable Lasdng and Repairing Svo, 

(Reprinting.) 
Williamson, J. Survesring Svo, 

Williamaon, R. S. Practical Tables in Meteorology and Hypsometry, 

4to, a 5' 
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Wilson, F. J^ and Heiltoon, I. M. ChemicAl Theory and Calculations. 

zamo» z 75 

Wilson, J. F. Essentials of Electrical Engineering 8vo, 3 00 

Wimperis, H. E. Internal Comoustion bngine 8vo, 3 50 

Application of Power to Soad iransport lamo, *i 50 

l^rimer of Internal Combustion Engine zamo, z 50 

A Primer of Air Navigation zamo, a 50 

Wincliell, N. H^ and A. N. Elements of Optical ISineralogy 8vo, ^3 50 

Winslow, A. Stadia Surveying z6mOy o 75 

Wisscr, Lieut. J. P. Explosive Materials z6mo, 

Modem Gun Cotton zemo, o 75 

Wolfi, C. S. Modem Locomotive Practice Svo, *4 20 

Wood, De V. Luminif erous Aether z6mo, o 75 

Wood, J. K. Chemistry of Dyeing zamo, z 00 

Wr-'all, H., and Parkinson, B. S. Distribution by Steel 8vo, 6 00 

\< w-uen, E. C. The Nitrocellulose Industry. Two Volumes 8vo, ^zo 00 

Technology of Cellulose Esters. In zo volumes. 8vo. 

VoL L Five Parts 8vo, 40 oa 

' Vol. VIII. Cellulose Acetate *5 00 

Wren, H. Organometallic Compounds of Zinc and Magnesium, .zamo, z 00 

Wright, A. C. Analysis of Oils and Allied Substances 8vo, *3 50 

Wrigh^ A. C. Simple Method for Testing Painters' Materials. ..8vo, 2 50 

Wright, J. Testing. Fault Finding, etc., for Wiremen z6mo, o 50 

Wright, T. W. Elements of Mechanics 8vo, 3 00 

Wright, T. W., and Hayford, J. F. Adjustment of Observations. . .8vo, 4 00 

Wynne, W. E., and Sparagen, W. Handbook of Engineering Mathe- 
matics zamo, 2 50 

Toder, J. H., and Wharen, G. B. Locomotive Valves and Valve Gears, 

8vo, ^3 00 

Toung, J. E. Electrical Testing for Telegraph Engineers 8vo, *4 00 

Toung, R. B. The Banket 8vo, 3 50 

Toungson. Slide Valve and Valve Gears 8vo, a 50 

Zahner, R. Transmission of Power z6mo, 

Zeuner, A. Technical Thermodynaznics. Two Volumes 8vo, xo 00 

Zimmer, G. F. Mechanical Handling and Storing of Materials. . .4to, 

(Reprinting,) 
Mechanical Handling of Material and Its National Importance 

During and After the War 4to, 4 00 

Zipser, J. Textile Raw Materials 8vo, 5 00 

Zur Nedden, F. Engineering Workshop Machines and Processes. .8vo, a 00 
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D.Van Nostrand Company 



are prepared to^ supply, either from 

their complete stock or at 

short notice. 

Any Technical of 

Scientific Book 

In addition to publishing a very large 
and varied number of Scientific and 
Engineering Books, D. Van Nostrand 
Company have on hand the largest 
assortment in the United States of such 
books issued by American and foreign 
publishers. 



All inquiries are cheerfully and care- 
fully answered and complete catalogs 
sent free on request. 
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